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PREFACE 


Volume  II  contains  supplemental  material  pertinent  to  the  data,  conclusions,  and  recom- 
mendations presented  in  Volume  I.  Each  seciion  is  a separate  entity. , 

In  some  cases  original  material  wes  edited  and  produced  for  this  publication.  However, 
where  the  technical  content  was  reproduced  from  existing  reports  or  documents,  the  contents 
were  not  changed  or  modified.  Acknowledgements  for  all  sections  are  provided  below. 

Section  1 . The  OPSATCOM  Field  Test  Laser 
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Section  2.  Underwater  Radiance  Scanner 
Author:  Richard  D.  Anderson 

Section  3.  Aircraft  Receiver  System. 
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Section  4.  F(0)  Receiver. 

Author:  Merv  Hyde 

Section  5.  An  Instrument  for  the  Measurement  of  Spectral  Attenuation  Coefficient  and 
Narrow  Angle  Volume  Scattering  Function  of  Ocean  Waters,  S10  Ref.  75-25. 
Authors:  R.W.  Austin  and  T,J,  Petzold 

Section  6.  Surface  Support  Platform 
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SECTION  1 

THE  Ol'SATCOM  FIELD  TEST  LASER 


INTRODUCTION 

'Hie  underwater  light  source  used  In  the  OPSATCOM  field  tests  is  a flashlamp- 
pumped  dye  laser  system  that  was  specifically  designed  and  built  for  the  project  at  NELC. 
The  system  consists  of  three  main  parts  - the  laser  proper  in  a submersible  canister  (fig. 

1-4),  a topside  control  panel  (fig.  5),  and  250  feet  of  interconnecting  cable.  The  general 
system  specifications  are  given  in  table  1. 

Tire  other  features  of  the  laser  system  are: 

Automatic  control  of  pulse  amplitude 
Leak-initiated  shutdown 
Pressure  and  temperature  interlocks 
Stable  pulse  rate 
Telemetry  sync  output 

Rapid  dye  solution  and  flashlamp  replacement 

This  report  is  arranged  to  present  a description  of  the  system  electronics;  the  installa- 
tion, operation,  and  maintenance  of  the  laser;  and  the  results  of  system  calibration. 
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TABLE  1 . SYSTEM  SPECIFICATIONS. 


Mechanical 

Canister  size 

Weight 
Displacement 
Depth  limit 

Electrical 

Input  power 
Lamp  energy 

Optical 

Wavelength 
Pulse  rate 
Pulse  energy 
Peak  power 
I*ulse  width 


41  -cm  dia  X 84-cm  height  (16  X 33  in) 
46-em-dia  flange  ( 1 8 in) 

109  kg  (240  lb) 

114  kg  (2S0  lb) 

180  m (600  ft) 


1 kW,  3 phase,  400  Hz,  Y 
up  to  10  joules 


blue-green,  depending  on  dye 
20  p/s  (pulses  per  second) 
up  to  S mJ 
up  to  6.5  kW 
0.75  Ms 


DETAILED  SYSTEM  DESCRIPTION 


THE  LASER 

Figure  6 is  a block  diagrum  of  the  underwuter  portion  of  the  lusor  system.  The  laser 
head,  the  black  rectungular  block  in  top  center  of  figure  3,  is  shown  bounded  by  dotted 
lines  at  the  top  of  the  diagram. 

The  lasing  medium  in  this  system  is  a solution  of  a fluorescent  organic  dye  in  ethanol 
that  circulates  through  a 3-inch-long  quartz  capillary  tube.  Curved  mirrors  at  either  end  of 
the  tube  satisfy  the  feedback  requirements  for  multimode  laser  action  and  a linear  xenon 
flashlamp  acts  as  the  laser  pump.  The  flushlamp  und  parallel  capillary  lie  along  the  foci  of 
a cylindrical  ellipticul  reflector  built  into  the  laser  head. 

Most  of  the  remaining  elements  diagrammed  in  figure  6 are  concerned  with  Dashing 
the  flashlamp.  They  control  both  the  timing  und  brightness  of  the  pumping  light. 

The  energy  required  by  the  flashlamp  for  any  given  luser  pulse  is  provided  by  the 
energy  storage  cupacitor  (ESC)  shown  just  below  and  to  the  left  of  the  laser  head  in  figure  6 
and  at  top  center  in  figure  4,  Typically,  5 joules  of  input  energy  (7  kV  in  0.2  mF)  is  required 
for  a laser  output  energy  of  5 mJ.  Discharge  of  the  ESC  into  the  flashlamp  is  controlled  by 
the  thyratron  switches  to  the  right  in  figure  6 and  recharge  of  the  cupacitor  is  managed  by 
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the  circuit  elements  to  the  left.  Assuming  that  the  capacitor  starts  charged,  the  discharge 
and  recharge  cycle  proceeds  as  follows: 

1 . A trigger  pulse,  T1 , from  the  control  unit  is  applied  to  the  ignition  circuit 
which,  in  turn,  applies  a 20-kV  pulse  to  u wire  wrapped  around  the  flashlamp,  A feeble 
spark  is  produced  within  the  xenon  by  displacement  currents  and  the  gas  is  left  in  a par- 
tially ionized  state. 

2.  Fifteen  microseconds  later,  a second  pulse,  T2,  after  conversion  to  a 1 .5-kV 
pulse  in  the  trigger  module,  turns  on  the  first  of  two  thyratrons  in  the  thyratron  switch 
section.  This  prepulse  thyratron  causes  roughly  2%  of  the  stored  energy  to  be  dissipated  in 
the  flashlamp,  producing  a larger  spark  and  a much  higher  level  of  ionization. 

3.  A 1 ,5-kV  pulse  generated  by  the  T3  signal  appears  10/iR  later,  turns  on  the  main 
pulse  thyratron,  and  dumps  the  remaining  stored  charge  into  the  flashlamp.  The  intense  flash 
produced  pumps  the  laser  more  efficiently  than  a flash  produced  without  a prepulse  and 
more  reliably  than  a flash  produced  without  an  ignition  pulse. 

4.  Recharge  of  the  ESC  begins  immediately  through  the  charging  circuit,  an 
inductor/diode  arrangement  that  effectively  doubles  the  voltage  provided  by  the  high- 
voltage  supply.  The  charge  cycle  takes  approximately  2 ms  and  the  ESC  “eousts”  for  the 
48  ms  preceding  the  next  pulse.  During  the  time  thut  the  system  is  on  but  not  being  trig- 
gered from  the  surface,  a vacuum  relay  in  the  charging  circuit  disconnects  the  ESC  from 
the  high  voltage  to  prevent  corrosion  of  the  water-cooled  flashlamp  terminals, 

Associated  with  the  flashlamp  is  a parallel  resistor  of  5 MS2  that  is  required  to  bias 
the  thyratron  anodes  and  a series  circuit  consisting  of  u 2.5-mH  choke  and  a 500-pF 
capacitor.  This  LC  network  aids  in  reliable  thyratron  turnoff. 

The  laser  output  level  is  stabilized  In  this  system  by  a feedback  l .»op  that  includes  a 
beamsplitter  and  fiber  optic  probe,  detector,  filter,  and  reluy  circuits  within  the  control 
unit,  and  a motor-driven  Variue  in  the  high-voltage  supply.  This  loop  compensates  for  de- 
creases In  output  euused  by  flashlamp  and  dye  solution  aging  processes.  Some  8 hours  of 
operation  can  be  expected  between  lamp  and  dye  changes. 

Also  represented  as  blocks  in  figure  6 are  the  dye  and  cooling  wuter  circulating 
pumps  and  a water  sensor  circuit.  The  latter  shuts  the  system  down  if  salt  water  invades 
the  canister.  Additionally,  four  normally  closed  switches  are  shown  in  the  fault  line. 

These  switches  sense  pressure  and  temperature  in  the  dye  and  water  circuits  and  prevent 
triggering  of  the  flashlamp  if  the  liquids  overheat  or  stop  circulating.  A meter  MUX  line 
curries  multiplexed  signals  representing  high-voltage  input  to  the  lamp  and  the  laser  output 
to  the  surface  for  display  on  the  control  panel. 

Detailed  diugrums  of  the  blocks  in  figure  6 are  given  in  figures  1 1 through  13. 


THE  LASER  CONTROL  PANEL 

Tito  luser  control  panel  of  figure  7 controls  the  prime  power  to  the  laser  canister, 
provides  u 20-Hz  signal  to  “run”  the  laser,  displays  two  important  luser  operating  param- 
eters, and  provides  a signul  for  an  FM  sync  transmitter. 

The  prime  power  control  is  straightforward.  A 5-ampero  circuit  breaker  turns  the 
control  panel  on  and  off  and  simultaneously  powers  the  laser  through  four  of  the  intercon- 
necting wires.  A phase  reversal  switch  is  included  in  two  of  the  lines  to  reverse  the  direct  ion 
of  rotation  of  the  pumps  if  required. 


The  20-Hz  laser  trigger  signal  is  derived  from  a 1 -MHz  crystal  oscillator  by  dividing 
by  50  000,  Whether  or  not  the  signal  is  sent  to  the  laser  is  determined  by  the  state  of  the 
thyratron  warm-up  time  delay,  the  run  button,  the  FAULT  SENSE,  and  the  SYNC  ONLY 
switch  as  shown  in  the  diagram, 

The  multiplexed  meter  signal  is  received  and  decoded  by  a circuit  in  the  control 
panel  and  a measure  of  flashlamp  high-voltage  input  and  laser  output  is  displayed  for  the 
operator’s  use.  The  readings  on  these  meters  determine  when  a flashlamp  change  is 
required, 

There  is  a nominal  25-/is  delay  between  the  time  a signal  is  sent  to  the  laser  and  the 
time  the  laser  output  pulse  appears.  The  OPSATCOM  sync  transmitter  requires  a 5-ps  lead; 
or,  relative  to  the  signal  sent,  a 20-ms  delay.  This  function  is  handled  by  the  elements  shown 
in  the  upper  right  of  figure  7 . 

While  in  the  field,  a pulse  counter  and  line  voltage  monitor  were  added  to  the  con- 
trol punel  as  shown  in  figure  5 , 

(Detailed  control  panel  circuitry  is  shown  in  fig  13.) 


INSTALLATION,  OPERATION,  AND  MAINTENANCE 


SYSTEM  INSTALLATION  AND  CHECKOUT 

CAUTION:  DO  NOT  RUN  THE  LASER 
WITHOUT  FIRST  PURGING  WITH  NITROGEN! 

1 . Connect  3-piiase,  4-wlre,  Y,  400-Hz  power  to  the  top  four  terminals  of  the 
barrier  strip  on  the  side  of  the  control  panel  ease  as  shown  in  table  4.  The  voltage  should 
be  120  volts  linc-to-neutral. 

2.  Connect  the  eight-conductor  laser  interconnecting  cable  terminations  to 
terminals  5 through  12  on  the  barrier  strip.  (See  table  4.) 

3.  Connect  the  cable  to  the  laser  canister. 

4.  Turn  on  the  system.  If  the  FAULT  lamp  lights  and  stays  lit,  turn  off  the  sys- 
tem and  reverse  the  position  of  the  switch  on  the  side  of  the  control  panel  case.  If  the 
FAULT  lamp  does  not  light,  go  to  6, 

5.  Turn  on  the  system.  The  FAULT  lamp  should  go  out,  indicating  the  pumps 
are  running  in  the  right  direction, 

6.  Observe  that  the  lower  meter  reads  upscale,  the  upper  meter  reads  zero, 

7.  Observe  that  after  a 3-minute  deluy,  the  green  READY  lamp  lights. 

8.  Tapping  the  RUN  button  with  the  Laser  ■*  Sync/Sync  Only  switch  in  the  Luser 
+ Sync  position  should  light  the  button  and  produce  an  upscale  reading  on  the  upper  meter. 
A slight  decrease  in  the  lower  meter  reuding  is  normal,  In  the  Sync  Only  position,  the  RUN 
button  should  light  without  an  upscale  reading, 

9.  To  complete  the  installation,  connect  a BNC  cable  between  the  TTL  sync  out- 
put and  the  sync  transmitter  Input.  Secure  the  system. 
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SYSTEM  OPERATION 


CAUTION:  DO  NOT  RUN  THE  LASER 
WITHOUT  FIRST  PURGING  WITH  NITROGEN! 


1 . With  the  proper  400-Hz  power  applied  and  the  laser  canister  interconnected 
and  submerged,  push  the  control  panel  circuit  breaker  to  ON. 

2.  Allow  3 minutes  for  warm-up.  The  green  READY  light  should  come  on.  This 
is  the  normal  laser  standby  condition. 

3.  If  sync  transmission  is  desired  whether  the  laser  is  running  or  not,  place  the 
Laser  + Sync/Sync  Only  switch  in  the  Sync  Only  position  and  tap  the  RUN  button.  Control 
the  laser  by  switching  between  Sync  Only  and  Laser  + Sync  with  the  RUN  button  lit. 

4.  If  sync  transmission  is  desired  only  when  the  laser  is  running,  switch  to  Laser 
+ Sync  und  control  the  laser  with  the  RUN  button,  tapping  it  to  start  or  stop. 

5.  Each  time  the  laser  is  activated,  the  upper  meter  should  return  to  the  same 
reading.  Failure  to  read  a constant  value  indicates  that  the  output  level  regulation  system 
is  out  of  regulation. 

6.  If  the  upper  meter  reading  begins  to  decrease  with  the  lower  meter  reading  near 
8,  the  flashlamp  needs  replacement.  If  the  flashlamp  is  replaced  and  the  lower  meter  reading 
does  not  decrease  to  a value  near  6,  the  dye  may  need  replacement, 


FLASHLAMP  REPLACEMENT  PROCEDURE 

1 . Turn  off  the  power  to  the  system  and  remove  the  cunister  cover.  Inspect  the 
Interior  for  water  leakage.  Remedy  the  problem  if  necessary. 

2.  Remove  the  protective  cover  from  the  anode  assembly  and  discharge  the  anode 
assembly  to  the  chassis  with  an  insulated-handle  screwdriver. 

3.  Remove  the  three  screws  securing  the  circular  flange  to  the  anode  assembly, 

4.  Slowly  lift  the  flange  and  lump  straight  up  until  clear  of  the  anode  assembly, 
Avoid  splashing  or  dripping  water  into  the  beamsplitter  recess.  Should  the  lamp  separate 
from  the  flange  and  remain  in  the  water  jacket,  remove  the  lamp  with  a puir  of  pliers. 

5.  Remove  the  old  lamp  from  the  flange  ferrule  und  replace  it  with  a new  one. 
The  end  of  the  lamp  marked  + must  be  within  the  ferrule  und  the  slit  on  the  trigger  wire 
sleeve  should  fuce  the  light  exit  hole  in  the  flange. 

6.  Wail  long  enough  for  the  water  level  in  the  lump  jacket  to  recede  and  carefully 
reinsert  the  lump.  Avoid  overflowing  water  Into  the  beamsplitter  recess. 

7.  Secure  the  flange  to  the  anode  assembly  with  the  three  screws,  Muke  sure  the 
beamsplitter  is  clean  and  dry  und  add  the  plastic  protective  cover.  The  system  may  be 
operated  briefly  to  cheek  output  and  regulation.  Turn  off  before  proceeding. 

8.  Inspect  tile  cover  seuling  surfaces  and  add  silicone  grease  if  necessary.  Install 
the  cover  und  start  two  bolts. 

d.  Prop  the  cover  open  on  one  side  with  a matchbook  or  equivalent  und  connect 
a tank  nitrogen  line  to  the  purge  fitting  on  the  side  of  the  cunister, 
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1 0.  Purge  with  nitrogen.  Allow  for  a 1 00-psi  (1  psi  = 6894.7  Pa)  pressure  decrease 
in  a standard  size  tank.  Turn  off  the  gas. 

1 1 . Secure  the  cover,  remove  the  nitrogen  line,  and  cau  the  purge  fitting. 

DYE  REPLACEMENT  PROCEDURE 

1 . Secure  the  system,  remove  the  canister  cover,  and  discharge  the  anode  assembly 
to  chassis. 

2.  Uncap  the  drain  line  above  the  drain  valve  knob  and  connect  a plastic  drain 
line.  Route  the  drain  line  to  an  empty  container. 

3.  Remove  one  of  the  caps  on  the  dye  tank  and  connect  u line  to  u source  of 
nitrogen  gas  at  10  psi. 

4.  Turn  the  drain  valve  to  the  DRAIN  LASER  position.  Keep  the  valve  in  that 
position  until  the  drain  line  blows  dry  (approx  1 min). 

5.  Turn  the  drain  valve  through  RUN  to  DRAIN  TANK.  Keep  the  valve  in  that 
position  until  the  drain  line  blows  dry  (approx  4 min). 

6.  Disconnect  the  pressure  line  and  return  the  valve  to  RUN.  Cap  the  drain  line. 

7.  Remove  the  second  cap  on  the  dye  tank.  Affix  the  valve  cap  assembly  to  a 
container  of  new  dye.  Close  the  valve. 

8.  Invert  the  dye  container  and  secure  the  valve  to  one  of  the  uncapped  dye  tank 

fittings. 

9.  Open  the  valve  to  the  dye  container  and  squeeze  the  dye  into  the  tank.  When 
empty,  close  the  valve  and  remove  dye  container. 

10.  Cap  off  the  dye  tank  fittings  and  make  sure  the  dye  drain  valve  is  in  the  RUN 
position. 

1 1 . Cover  and  purge  the  cunister  as  in  FLASHLAMP  REPLACEMENT  PROCEDURE. 

OUTPUT  PEAK  POWER  ADJUSTMENT 

1 . Open  the  canister,  disconnect  the  water  lines,  and  raise  the  vertical  chassis 
until  the  holes  in  the  edge  of  the  plate  are  just  above  the  tops  of  the  guide  channels.  Secure 
in  this  position  with  !4-inoh-diumeter  pins. 

2.  Interconnect  the  chassis  plug  und  the  jack  in  the  base  of  the  canister  with  the 
extension  cord  and  replace  the  water  lines  with  the  longer  lines  provided. 

3.  Connect  the  control  panel  to  cunister  cable  and  energize  the  400-Hz  power  line. 

4.  Attach  an  ECl&G  model  580-00-1  1 nurrow-beum  adapter  to  u model  580-25-A 
detector  head  und  secure  both  to  a model  585-00-15  tripod.  Interconnect  the  head  und  u 
model  580-1 1 A meter  unit. 

5.  Set  the  controls  on  the  detector  head  as  follows: 

Negutive  bias  voltage  to  INT 
External  viewing  multiplier  to  XI 00 


Aperture  multiplier  to  X1C 
Anode  to  INT 
Signal  to  ANODE 


6.  Set  the  controls  on  the  meter  unit  as  follows: 

Ampere  multiplier  to  1 0-7 
Current/Charge  to  Current 
Hold/Integrate/Reset  to  Reset 

7.  Position  the  detector  head  1 2 inches  above  the  laser  output  aperture  with  the 
face  of  the  aduplcr  pointing  downward,  parallel  to  the  floor,  Turn  on  the  meter  unit  and 
zero  the  meter, 

8.  Connect  water  and  drain  lines  to  the  laser  heat  exchanger  coil  and  turn  on  the 

water. 

9.  Operate  the  luser  and  reposition  the  detector,  if  necessary,  to  locate  the  spot 
in  the  center  of  the  diffuser  plate,  Turn  off  the  laser  beum. 

10.  Connect  a coaxial  cable  from  the  signal  output  of  the  detector  head  to  the 
vertical  input  of  an  accurate  oscilloscope.  Set  the  vertical  gain  for  0.2  volt/division  and  the 
sweep  speed  for  0.5  /us/uivision.  Turn  on  the  laser  at  the  control  panel  and  adjust  the  scope 
sync  for  a stationary  pulse  puttern. 

1 1 . The  calibration  for  NELC  Code  2500’s  radiometer  is  1 .625-V/kW  with  the  ex- 
ternal viewing  multiplier  in  the  XI 00  position.  With  the  aperture  multiplier  in  the  X10 
position,  0.1 625  V represents  1 kW,  For  5-kW  peak  power,  0.81 25  V is  required,  If  the 
peak  amplitude  on  the  scope  differs  from  that,  the  level  setting  adjustment  can  be  changed 
to  "orrect  the  reading, 

12.  The  control  is  located  on  the  outboard  face  of  the  control  module  located  on 
the  lower  left  center  of  the  chassis.  It  is  the  screwdriver  adjustment  closest  to  the  chassis 
plate  in  the  lower  left  corner.  Turning  the  screw  clockwise  will  increase  the  laser  output. 
The  system  tends  to  stabilize  from  the  top  down,  and  it  is  advisable  to  cycle  the  laser  on 
and  off  a number  of  times  while  muking  this  adjustment, 

13.  Secure  the  equipment  and  restore  the  luser  to  its  normal  operating  configura- 
tion. Purge  with  nitrogen. 
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CALIBRATION 

The  purpose  of  the  OPSATC’OM  luser  calibration  was  to  provide,  for  dutu  reduction 
purposes,  u complete  and  accurate  list  of  luser  output  parameters.  A summary  of  that  list 
is  presented  in  table  2,  and  the  following  paragraphs  describe  briefly  the  measurement 
procedures. 


TABLE  2.  LASER  OUTPUT  PARAMETERS. 


Pulse  repetition  rate 
Peak  pulse  amplitude 
Pulse  width 
Pulse  energy 
Center  wavelength 
Bandwidth 

Beamwidth  (in  water) 


20  p/s  (pulses  per  second) 
S kW  (±6%  rel,  ±10%  abs) 
0.75  Ms 
4 mJ/p  (nom) 

521 .4  nm 
4,65  nm 

21.4mrad(FWHM) 


THE  LASER  CALIBRATION  REFERENCE 

The  local  standard  used  for  setting  the  laser  output  to  the  5-kW  peak  power  level 
used  for  the  field  tests  is  an  EG&G  radiometer  unit  of  the  580  series.  The  equipment  is 
factory  calibrated  against  an  NBS  certified  thermopile  and  is  supplied  with  a complete  set 
of  sensitivity  vs  wavelength  tables.  It  is  one  of  the  most  accurate  radiometric  equipments 
available. 

EG&G  gives  an  absolute  accuracy  specification  of  ±8%,  a precision  specification  of 
±1%,  and  an  NBS  uncertainty  specification  of  approximately  3%.  Presumably,  the  precision 
and  uncertainty  together  with  other  calibration  tolerances  make  up  the  overall  accuracy 
specification. 

The  calibration  constant  that  applies  to  the  OPSATCOM  luser  is  1.625  V/kW.  Five 
times  that  level  is  established  during  laser  setup  while  viewing  the  output  pulse  on  a cali- 
brated oscilloscope. 

The  rudiometer  can  also  be  used  to  measure  pulse  energy.  The  nominal  output  pulse 
energy  corresponding  to  5-kW  peak  power  is  4 mJ.  This  number  vuriec  slightly  depending 
on  mirror  alignment  and  was  not  specifically  recorded  during  the  field  tests. 


PULSE  AMPLITUDE  STABILITY 

Once  the  laser  has  been  set  up  to  provide  a specified  peak  output  level,  then  the 
short-  and  long-term  stability  of  the  output  becomes  a factor  to  consider. 

Short-term  (pulse  to  pulse)  stability  is  determined  by  the  flash-to-flash  uniformity 
in  brightness  and  position  of  the  arc  in  the  flashlamp.  For  a given  input  energy,  a small 
variation  in  output  pulse  amplitude  is  to  be  expected.  Long-term  stability  is  determined  by 
how  well  the  output  control  system  compensates  for  changes  in  the  output  of  the  flashlamp 
and  in  the  efficiency  of  the  dye  solution  as  the  lamp  and  dye  age. 

As  part  of  the  post-field-test  calibration  effort,  quantitative  measurements  of  these 
factors  were  made.  Before  the  results  are  presented,  a laser  design  flaw  that  bears  upon 
them  will  be  described. 

It  was  necessary,  when  designing  the  amplitude  control  system,  to  build  a delay  into 
the  circuitry  to  allow  the  voltage  that  represents  the  output  level  enough  time  to  rise  to 
its  true  value.  The  delay  was  designed  to  lock  out  the  motor  drive  to  the  Variae  to  keep  the 
system  from  increasing  lamp  input  energy  at  the  start  of  each  run  cycle.  As  it  turned  out, 
the  deluy  persists  after  the  run  cycle  ends,  ami  the  Variae  is  driven  upward  - out  of  the 
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regulator  dead  /one,  anyway.  In  short,  every  time  the  laser  is  switched  to  RUN,  the  output 
starts  slightly  high  and  rcstabilizes  to  the  set  value.  This  cycle  affects  the  first  5 seconds  or 
so  of  laser  output  and  may  not  be  an  altogether  detrimental  flaw,  It  also  has  the  effect  of 
narrowing  the  dead  zone  by  starting  at  the  upper  edge  each  and  every  time  the  laser  is 
operated. 

Figure  X shows  the  laser  output  at  the  indicated  times  during  four  separate  run 
cycles.  Hach  photograph  is  a I -second  exposure  and  contains  20  individual  pulses.  The 
gain  of  the  scope  was  adjusted  so  that  one  small  division  equals  4%  of  set  amplitude  and  the 
sweep  speed  is  0,5  jus/cm. 

As  can  be  seen  in  the  photographs,  the  amplitude  starts  high,  about  7%,  and  within 
5 seconds  stabilizes  at  'lie  set  value.  Once  stabilized,  tl,e  pulse-to-pulso  stability  together 
with  the  reset  error  amounts  to  a nominal  ±5%.  These  samples  are  representative  of  both 
the  short-  and  long-term  stability  of  the  system. 

The  stability  of  the  control  system  over  longer  periods  of  time  is  also  evidenced  by 
the  data  given  in  table  3.  These  are  excerpts  of  the  log  kept  on  laser  operation  during 
those  parts  of  the  field  tests  when  actual  measurements  were  made,  Although  Intended 
for  gross  monitoring  purposes  only,  the  meter  readings  Indicate  that  the  system  was  regu- 
lating and  that  the  output  was  stable  during  these  intervals,  The  difference  in  upper  meter 
readings  (output)  between  the  two  series  of  dates  does  not  include  actual  differences  in 
output  level  but  rather  a difference  In  the  position  of  the  fiber  optic  probe  in  Its  drilled 
pussage  at  the  bournsplitter.*" 141  In  both  series,  the  operating  peak  power  level  was  5 kW. 

For  error  analysis  purposes,  a stability  of  ±5%  in  peak  power  amplitude  will  be  used. 


**  between  these  dates,  the  luscr  was  reworked  at  NFLC  to  solve  a problem  with  unexpected  shutdown 
and  the  dlsasscnibly/roasscmbiy  operation  resulted  in  a different  probe  position.  The  probe  doos  not 
move  during  operation. 
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LASER  WAVELENGTH  AND  BANDWIDTH 


The  laser  cavity  used  in  the  OPSATCOM  laser  is  an  untuned  cavity;  that  is,  prisms  or 
gratings  are  not  used  to  peak  the  cavity  gain  at  any  particular  wavelength.  The  dielectric 
coatings  used  for  mirrors  are  spectrally  flat  throughout  the  blue-green  and  a large  number  of 
dye/solvent  combinations  can  be  made  to  lase  in  this  cavity, 

The  dye/solvent  combination  used  for  OPSATCOM  has,  in  common  with  all  other 
dye/solvent  mixtures,  a fluorescence  spectrum  that  is  several  tens  of  nanometers  wide  and 
could  be  made  to  lase  in  a tuned  cavity  at  wavelengths  ranging  from  the  yellow  through  the 
blue-green.  When  this  dye  is  used  in  an  untuned  cavity,  the  requirements  for  laser  action  are 
simultaneously  satisfied  for  a number  of  colors  and,  in  fact,  the  system  lases  over  a band  of 
wuvelengths  that  corresponds  to  the  peak  in  the  dye/solvent  fluorescence  spectrum.  Measure- 
ments made  before  the  field  tests  with  a small  prism  spectrometer  indicated  a center  wave- 
length of  522  nm  and  a bandwidth  of  5 nm. 

As  part  of  the  calibration  procedure,  the  output  spectrum  of  the  laser  was  more  ac- 
curately measured  with  a Jarrell-Ash  1 -meter  spectrometer.  A densitometer  scan  of  the  laser 
spectrum  together  with  a pair  of  reference  lines  is  shown  in  figure  9.  The  lower  curves  were 
taken  with  one-half  and  one-fourth  the  exposure  of  the  upper  curve  and  serve  to  define  the 
half-  intensity  points. 

The  measured  bandwidth  is  4.65  nm  and  the  center  wavelength  is  521.4  nm.  These 
measurements  were  made  with  the  same  dye  solution  used  in  the  field  tests.  There  is  no  evi- 
dence of  the  green  shift  that  accompanies  dye  exhaustion. 
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LASER  BEAM  DIVERGENCE 


An  exact  measurement  of  the  shape  and  divergence  of  the  laser  beam  has  also  been 
made.  A plot  of  the  data  taken  is  shown  in  figure  10.  The  measured  beumwidth  in  air  and 
the  calculated  beamwidth  in  water  are  given  below. 


Amplitude 

0.5 

1/e 

1/e2 


Air 

28 .4  mrad 
30.1  mrad 
33.0  mrad 


Water 

2 1 .4  mrad 
22.6  mrad 
24.8  mrad 


ERROR  ANALYSIS 


The  beamwidth,  center  wavelength,  and  bandwidth  of  the  output  of  the  OPSATCOM 
laser  are,  for  all  practical  purposes,  invariant  quantities.  The  actual  value  of  the  peak  pulse 
amplitude  and  the  stability  of  that  value,  on  the  other  hand,  are  uffected  by  the  factors 
mentioned  earlier  in  the  sections  covering  the  calibration  reference  and  pulse  amplitude  sta- 
bility. The  seemingly  largest  source  of  uncertainty  is  the  ±8%  accuracy  specification  asso- 
ciated with  the  KG&G  radiometer  unit.  In  fact,  this  source  of  error  is  not  always  as  important 
as  it  appears  to  be. 

Most  of  the  radiometer  error  consists  of  a fixed  offset  in  an  absolute  sense;  that  is, 
the  instrument  would  read  consistently  high  or  low  (or  exuctly  for  that  matter)  when  used  to 
measure  a precisely  known  intensity  of  light  at  521 .4  nm.  Its  reproducibility  of  measurement 
is  less  than  1%  according  to  the  manufacturer,  so,  although  it  may  be  reading  wrong,  the  error 
involved  in  reproducing  the  wrong  reading  is  small. 

If  this  instrument  is  used  to  calibrate  the  laser  and  then  to  calibrate  a receiving  appara- 
tus, the  offset,  if  there  is  one,  becomes  u part  of  the  calibration  of  both  instruments  in  the 
same  direction.  If  the  laser  and  receiver  are  separated  and  the  received  signal  Intensities  are 
expressed  in  normalized  form,  such  as  “dB  of  path  loss”  or  “/uW/cm-  for  a 5-kW  laser  pulse,” 
then  the  offset  cancels  out.  The  only  place  the  offset  shows  up  is  in  expressing  quantities  in 
ubsolute  units;  one  cannot  compare  the  receiver  calibration  data  with  receiver  noise  and  say 
that  the  receiver  SNR  is  0 dB  at  1 nW/cm^,  for  example,  without  considering  the  possibility 
of  ail  offset.  For  relative  measurements  the  ±1%  specification  should  be  used,  and  for  abso- 
lute measurements  the  ±8%  specification. 

The  largest  source  of  error  for  most  purposes,  then,  is  the  pulse-to-pulse  amplitude 
stability.  This  has  been  shown  to  be  of  the  order  of  ±5%  in  the  steady  state  (after  5 seconds 
of  operation).  If  another  ±2%  is  ullowod  twice  for  oscilloscope  error  (once  when  setting  up 
the  laser  and  once  when  calibrating  the  receiver),  then  the  limits  for  relative  measurements 
would  be  ( l2  + 22  + 22  + 5^)'^  = 6%,  Absolute  measurements,  by  the  same  reasoning, 
could  be  in  error  by  no  more  than  ± 1 0%. 

These  error  limits,  ±6%  rel  and  ±10%  ubs,  represent  only  those  fuctors  described 
above  and  do  not  include  errors  associated  with  reading  or  recording  data  ut  the  receiver. 

Detailed  system  information  is  provided  in  table  4 and  figures  11-13. 


TABLE  4.  LASER  CONTROL  PANEL  TERMINAL  IDENTIFICATION. 


1. 


2. 


3. 


4. 

5. 


6. 

7. 

8. 
9. 


10. 

11. 


12. 


Neutral 
Phuse  1 input 
Phuso  2 input 
Phase  3 input 
Neutral  down  (black) 

Phase  1 down  (mange) 

Phase  2 down  (rod) 

Phase  3 down  (white/blaek) 
20-1 1/,  signal  down  (green) 
Meter  MUX  up  (red/bluok) 
Puult  up  (white) 

Signal  ground  (blue) 
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Figure  1?..  Miscellaneous  schematics. 
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Figure  12,  (Continued). 


1-25 


SECTION  2 

UNDERWATER  RADIANCE  SCANNER 
BACKGROUND 


The  Underwater  Radiance  Scanner  was  developed  to  measure  radiance  distributions 
of  natural  light  fields  underwater.  It  was  deployed  in  a series  of  experiments  designed  to 
validate  a model  describing  propagation  of  optical  energy  from  u satellite  to  an  underwater 
terminal.  * in  addition  to  measuring  radiance  distribution,  the  instrument  is  required  to 
rapidly  sample  the  solar  energy  distributions  found  just  below  the  surface  at  an  adequate 
rate  to  define  the  sea  surface  wave  slope  statistics. 

Radlunee  is  the  radiant  power  incident  on  a unit  surface  arou  per  unit  solid  angle 
from  a defined  direction,  Rudiance  distributions  are  the  collections  of  numbers  which  de- 
scribe the  radiance  values  ut  a point  in  space  from  all  directions.^  Hence,  the  radiance  L 
muy  be  defined  by 


L = 


dfF 

d A cos  £ d£2 


W/cnr 


sr 


CD 


where  F is  the  incident  flux  density  on  an  area  dA  at  an  angle  of  incidence  £ from  a field 
ofdO.3 

Physical  oceanography  has  recognized  radiance  distributions  as  u function  of  depth 
as  significant  measures  of  the  inherent  optical  properties  of  water  masses.^’  3 Early  workers 
devised  photometric  instruments  to  obtain  radiance  distributions  in  the  sea,  The  resolving 
power  of  these  instruments,  however,  was  poor;  the  volume  of  data  which  had  to  be  handled 
was  lurge;  and  the  Instruments  themselves  wore  uwkwurd,  limiting  the  quality  and  quantity 
of  the  data  acquired. 

A very  complete  set  of  radiance  distributions  as  a function  of  depth  was  obtained  by 
Tyler  in  Luke  Pend  Oreille  in  northern  Idaho. ^ Tyler's  instrument  was  u mechanically  scan- 
ning Cicrshun  tube  photometer  and  was  not  suitable  for  work  in  the  open  ocean. 

The  importance  of  the  rudiance  distribution  with  depth  in  water  musses  us  a means 
of  describing  inherent  opticul  properties  was  first  recognized  by  Duntley  in  1949.  Theoretical 
work  exploring  the  nature  of  underwater  radiance  distributions  was  accomplished  by 
Duntley ' and  Preisendorfer^  with  Tyler^  showing  that  the  greatest  yield  of  information  from 
experimental  sources  on  the  opticul  properties  of  natural  waters  is  provided  by  the  measure- 
ment of  radiance  distribution  with  depth, 


1 . Karp,  S,  “Optical  Communications  Botwoon  Undorwutor  and  above  Surface  (Satellite)  Terminals" 

IEEE  Tran  Comm,  COM-24, 66-81  (1976) 

2.  Smith,  RC,  et  al,  “An  Oceanographic  Rudiance  Distribution  Cumora  System,”  Applied  Optics 9j 
2015-2022(1970) 

3.  Jorlow,  NG,  "Opticul  Occanogruphy,"  Elsevier  1968 

4.  Tyler,, IE,  “A  Survoy  of  Experimental  Hydrologic  Optics,"  J Quant  Spoctrosc  Radn  Transfer,  8 
339-354(1968) 

5.  Nygurd,  K,  “Radiance  Distribution  below  the  Seu  Surface,"  AGARD  lecture  Series  61 , Optics  of  the  Sea 

6.  Ty tor,  JE,  “Radiance  Distribution  as  a Function  of  Depth  In  an  Underwater  Environment,"  Dull  Scripps 
Inst  of  Oceanography  7 363-41 1 (1960) 

7.  Duntley,  SQ,  "The  Visibility  of  Submerged  Objects,"  Visibility  liiborutory  Report  1952 

8.  Preiscndorfcr,  RW,  “Model  for  Radiance  Distribution  in  Natural  Hydrosols,"  JOSA  47  1046(1957) 
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In  an  effort  to  'avoid  the  many  experimental  difficulties  encountered  in  acquiring 
radiance  distributions  in  the  sea,  Smith  designed  a Radiance  Camera  system  around  the  Nikkor 
fisheye  lens,  which  has  a nominal  field  of  180  degrees/1  Since  an  entire  hemisphere  is  pro- 
jected onto  a photographic  film  in  the  focal  plune  of  the  fisheye  lens,  it  became  practicable 
for  the  first  time  to  acquire  data  of  high  resolution  rapidly.  Two  such  cameras  were  mounted 
together,  one  covering  the  upper  hemisphere,  the  other  the  lower,  to  obtain  complete 
radiance  distributions.^ 

The  usual  problems  of  using  film  to  make  photometric  measurements  are  encountered 
in  the  radiance  cumeru.  It  is  necessary  to  take  two  frames  at  differing  exposure  values  to 
accommodate  the  dynamic  range  of  the  scene,11'  Data  reduction  is  accomplished  after  careful 
film  processing  using  an  automatic  scanning  lnierodensitomctcr  coupled  to  a computer, 


UR1EF  DESCRIPTION 

The  Underwater  Radiance  Scanner  uses  Smith's  radiance  camera  concept-  but  elimi- 
nates the  intermediate  and  troublesome  film  process.  An  improved  fisheye  lens  is  utilized  to 
imago  the  upper  hemisphere  onto  an  image  dissector  camera  system/ 

The  result  is  u unique  instrument  for  real-time  measurement,  recording,  and  display 
of  underwuter  rudlunee  distributions.  It  provides  high  resolution  of  fine  detuils  in  the  angular 
structure  of  rudlunee  distributions.  It  is  also  capable  of  rapidly  acquiring  dutu  and  can  re- 
cord the  complex  radiance  distributions  found  near  the  surface  which  arc  due  to  refraction 
and  reflection  effects  at  the  alr-seu  interface.  A complete  hemisphere  or  any  portion  of  a 
hemisphere  muy  be  scanned  without  mechanical  motion  of  any  kind. 

Tile  sensory  unit  of  the  radiance  scanner  consists  of  an  image  dissector  camera  system 
und  un  8-rnni,  f/2,8  fisheye  lens  system  in  a submersible  pressure  vessel.  Thu  cumeru  system 
is  a random-access  image  digitizer  and  operates  under  program  control  from  u digital  computer 
through  an  associated  digital  video  unit.  The  sensory  unit  contains  electronic  circuitry  for 
adjusting  the  video  gain  of  the  camera  (by  changing  the  electron  multiplier  voltage),  setting 
the  uperture  stop,  und  performing  as  many  as  three  additional  functions  all  under  the  control 
of  the  central  processor.  An  opticul  coupler  interfaces  the  sensory  unit  to  a long  underwater 
cable,  A serial-to-parullel  receiver  is  used  to  drive  camera  logic  circuits  and  the  1 2-bit  com- 
mands to  the  X-  and  Y-axis  deflection  circuits. 

Connecting  the  radiance  scanner  sensory  (underwater)  unit  to  the  surface  equipment 
is  un  interconnecting  cable  which  may  be  in  excess  of  1 1 0 meters  in  length.  This  cable  con- 
tains three  shielded  and  twisted  pairs  and  three  conductors.  Power  is  supplied  at  nominally 
±20  volts  on  two  of  the  conductors  (the  third  being  the  return)  to  power  supplies  in  the 
underwuter  unit.  The  first  twisted  pair  is  used  for  serial  digitized  control  data  transmission 
down  to  the  scanner;  the  second  supplies  the  clock  pulses;  the  third  transmits  the  analog 
video  to  the  surface. 

Interface  with  the  computer  is  achieved  by  use  of  a digital  video  unit  which  accepts 
the  1 6-bit  computer  output  datu  format  and  serially  transmits  these  data  to  the  camera. 

Twelve  hits  of  each  word  are  deflection  address  commands  and  four  bits  are  used  for  con- 
trol functions,  The  return  video  is  digitized  and  provided  to  the  computer  in  10-bit  positive 
logic  I'ormut.  Four  I/O  control  signals  arc  employed  in  interfacing  with  the  computer.  This 
digital  video  unit  also  allows  manual  setting  of  the  three  control  functions  the  lens  aperture 


9,  Miyamoto,  K,  “Fish  Uyo  Lons,"  JOSA  5f>  1060-1061  (1964) 
* Smith,  RC,  private  communication,  23  October  1974 
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stop,  signal  dwell  (integration)  time,  und  the  camera  gain  functions,  Control  of  the  signal 
dwell  time  from  40  microseconds  to  6.5  milliseconds  is  possible,  The  total  time  required  to 
obtain  a single  radiance  sample  ranges  from  240  microseconds  to  5.2  milliseconds,  depending 
on  the  integration  period.  This  allows  time-varying  radiance  distributions  found  near  the 
surface  to  be  sampled  rapidly,  with  each  frame  being  completed  in  a period  which  is  short 
compared  to  scene  dynamics. 

Digital  control  of  the  radiance  scanner  by  a small  computer  provides  a high  degree 
of  versatility  in  the  system.  A program  library  has  been  developed  to  accommodate  a 
variety  of  requirements.  Peripherals  allow  program  control,  display,  and  recording  and  can 
simultaneously  service  other  related  experimental  equipment  and  handle  data. 

A schematic  diagrum  of  the  entire  radiance  scanner  control  system  used  in  the  ex- 
periment is  shown  in  figure  1 . 


NIKKOR  F1SHEYE  LENS  Fi2£ 


Radiance  scanner  system. 


UNDERWATER  RADIANCE  SCANNER  SENSOR 


The  sensor  element  of  the  underwater  radiance  scanner  mounts  in  a submersible 
pressure  vessel,  as  shown  in  figure  2.  Major  elements  of  the  sensor  operating  system  are 
tlte  optics,  the  image  dissector  camera,  and  associated  components. 


OPTICS 


At  the  heart  of  the  optical  system  is  the  10-element  Nikkor  8-mm,  f/2.8  fisheye  lens 
described  in  figure  2.  This  lens,  while  similar  to  the  lens  used  in  the  radiance  cameru  system,^ 
is  faster  and  appeared  to  exhibit  much  less  flure  around  the  perimeter  of  the  image  due  to 
bright  objects  in  the  field.* 

All  fisheyo-typo  lenses  exhibit  inherent  distortion,  which  is  the  result  of  mapping  u 
hemisphere  onto  a plane  surface  and  should  not  be  confused  with  optical  aberrations.  In 
this  lens,  that  mupping  function  is  the  equidistant  projection  formula  in  which  the  zenith 
angle  0 of  any  point  recorded  in  the  image  plane  is  proportional  to  the  distance  from  the 
center  of  the  image  r,^> 


where  f is  the  local  length  of  the  lens  = 8 millimeters.  Such  a lens  is  ideal  for  photogrum- 
metrie  purposes  and  was  designed  for  scientific  applications  such  as  measuring  the  zenith  or 
azimuth  of  astronomical  bodies  or  recording  the  distribution  of  clouds  over  the  entire  sky.'^ 
Consider  figure  4 in  which  the  camera  entrance  and  exit  pupils  are  assumed  to  he  at 
the  origin  of  the  coordinate  system.  An  element  of  the  field  dA  is  imaged  as  ds,  The  solid 
angle  d£2  projected  by  dA  at  range  R and  zenith  angle  rji  is 


sin  <j>  d0d0 


and  the  incremental  focal  plane  area 
ds  - r d 0 d r. 

Differentiating  ( 2),  we  obtain 
dr  - f d <t>  . 


If  front  (2)  we  then  let 


\sn 


sin  </ id  0 , 


* Smith,  RC,  private  communication,  23  October  l(>74 

10.  “t  islieye-Nlkkor  lens,"  instruction  manual,  Nippon  Koguku  KK  1073 
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Figure  2 
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Figure  3,  Feu  lures  and  specifications, 


r’l'iuic  4.  Coordinate  system, 


combining  (3),  (4),  (5),  and  (6)  yields 


ds  = 


rd0dr  = f 


dfl, 


The  focal  plane  resolution  ds  is  determined  by  the  area  of  the  aperture  which  is  built 
into  the  image  dissector  tube  and  is  a constant  throughout  the  image  plane;  hence, 


and  the  resolution  is  seen  to  improve  from  the  zenith  (<p  = 0)  to  the  equutoriul  plane  ( <t>  - tt/2) 
by  a factor  ir/2,  or  1 .57. 

The  camera  tube  aperture  was  0.1 27  mm  in  diameter  (0.005  in);  hence, 

ds=  1.267  X 10“2  mm2  (8) 

and 

df2  - 1 .98  X 10-4  steradian  ut  $ - C degree 
a 1 .89  X 10“4  steradian  at  <j>  = 30  degrees 

= 1 .78  X 1(T4  steradian  at  <t>  - 45  degrees  (9) 

= 1 .64  X 10-4  steradian  at  <j>  ~ 60  degrees 
= 1 ,26  X 10~4  steradian  at  <p  - 90  degrees 
are  the  expected  values  of  resolution. 

Other  optical  elements  which  must  be  considered  are  the  dome  pressure  window  and 
the  optical  interference  filter.  The  filter  is  mounted  in  the  buck  focal  length  of  the  lens  im- 
mediately ufter  the  last  element.  The  spectral  characteristics  of  this  filter  (fig  5)  are  a peak 
transmission  of  57%  and  a FWHM  optical  passbund  of  93  angstroms. 

The  acrylic  plastic  pressure  window  is  a dome  of  8.9-em  radius.  When  submerged, 
this  dome  constitutes  a negative  lens  element  of  approximately  -28-cm  focal  length.  Focus- 
ing effects  are  partially  compensated  by  setting  the  focus  ring  on  the  lens  to  1 foot  when  the 
camera  is  assembled  into  the  pressure  vessel.  Wide-angle  lenses  are  very  sensitive  to  optical 
tolerances  at  large  field  angles,  and  the  performance  of  the  lens  may  be  degruded  when  oper- 
ated underwater. 


■rf 

'.f 
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IMAGE  DISSECTOR  CAMERA 


The  image  dissector  tube  is  a standard  ITT  type  F401 1 RP  3.8-em  (1  Vi  in)  diameter 
tube  with  a remotely  processed  S-20  photocathode.  The  responsivity  of  the  photoeathode 
was  measured  at  0,039  A/W  for  a quantum  efficiency  of  approximately  9%  at  522  nano- 
meters. As  stated  previously,  the  fixed  aperture  was  0.127  mm  in  diameter. 

A modified  ITT  model  5005  camera  head  which  provides  magnetic  focusing  and  de- 
flection coil  assemblies  is  used.  Photographs  of  the  image  dissector  camera  assembly  are 
shown  in  figures  6 and  7.  The  cumera  unit  also  contuins: 

Voltage  divider 
Video  preamplifier 
Focus  current  regulator 
Deflection  amplifiers 
High-voltage  power  supply 
Voltage  regulator 

In  uddition  to  the  camera  head  there  Is  :>n  electronics  box,  an  underwater  power  unit, 
and  an  electrical  motor  to  drive  the  aperture  s i\jp  setting. 

The  electronics  box  contains  three  circuit  cards  necessary  for  interfacing  with  the 
digital  equipment  on  the  surface  through  more  than  1 10  meters  of  underwater  electrical 
cable: 


1 , A surial-to-parullel  receiver  which  ueeepts  data  transmitted  to  the  cameru  In 
serial  formut.  It  is  connected  to  the  cable  through  an  optical  coupler  for  isolation.  This  cir- 
cuit also  receives  the  clock  pulses  und  performs  logical  functions  such  as  parity  checks, 

2,  An  X.  Y register  and  D/A  converter  which  receives  the  parallel  data  and  provides 
an  analog  drive  signal  to  the  deflection  amplifiers. 

3,  The  control  register  and  video  driver  card  which  receive  control  bits  and  retain 
them  until  the  next  transmission.  The  control  register  provides  five  open-collector  TTL 
circuits  to  operate  equipment  in  the  underwater  canister.  Two  control  signals  are  used  to 
operate  four  relays,  one  at  a time,  through  a two-to-four-line  multiplexer.  These  relays  con- 
nect potentiometers  which  in  turn  control  the  high-voltage  regulator  in  the  camera,  provid- 
ing lour  levels  of  photomultiplier  gain  in  the  image  dissector  tube.  Each  gain  change  pro- 
vides approximately  a 5 to  1 change  in  gain. 

The  video  driver  is  specially  designed  to  drive  more  than  1 10  meters  of  twisted-pair 
video  cable  to  the  surface  signal  integrator  and  digitizer, 

The  underwater  power  unit  provides  ± 1 5 and  +5  volts  to  the  underwater  system  and 
provides  signul  connections  to  the  underwater  cable. 

A dc  gear  head  motor  operating  on  the  +5*voll  power  supply  drives  the  uperture  con- 
trol ring  on  the  lens  using  miniature  chain  and  sprocket  assemblies.  The  stall  torque  of  the 
motor  is  too  low  to  damage  the  Inns  when  the  aperture  is  driven  to  either  limit,  f2,8  or  f22. 
Two  control  functions  are  used  to  operate  the  motor  one  to  apply  the  5-volt  power,  the 
other  to  reverse  polarity. 

Other  ancillary  equipment  in  the  underwater  canister  includes  a depth  pressure  sensor 
and  a liquid  water  alarm  sensor  which  operate  independently  of  the  cameru  system, 


DIGITAL  VIDEO  UNIT 


t l 


J. 


The  radiance  scanner  underwater  sensor  is  controlled  from  the  surface  by  the  digital 
video  unit  (DVU),  which  operates  as  a peripheral  input  device  for  a digital  computer.  The 
DVU  contains  the  computer  interface,  power  supplies,  and  controls  for  operation  of  the 
radiance  scanner. 

The  DVU  accepts  digital  data  from  the  computer  and  transmits  the  appropriate  com- 
mand and  control  signals  to  the  underwater  sensor.  Provisions  are  also  made  for  manually 
entering  the  control  signals  by  means  of  panel  switches  on  the  DVU, 

The  video  processor  in  the  DVU  accepts  the  analog  video  signal  from  the  underwater 
eameru  und  converts  it  to  a 10-bit  positive  logic  video  output  to  the  computer,  The  video 
processor  circuitry  consists  of  a squelched  integrator,  a sumple-and-hold  amplifier,  und  an 
unalog-to-digital  converter.  The  signal  integration  period,  or  dwell  time,  cun  only  bo  adjusted 
manually  by  means  of  a 10-turn  potentiometer  control  on  the  DVU  control  panel, 

Two  ungrounded,  adjustable  power  supplies  arc  provided,  and  set  to  compensate  for 
cubic  losses  to  provide  a minimum  ±20  volts  under  full  load  to  the  power  circuits  in  the 
underwater  canister. 

To  interface  with  the  digital  computer,  the  following  signals  are  used: 


Computer  output  datu  1 6 bits,  positive  logic  (4  bits  control  + 1 2 bits 

address) 

Computer  input  data  10  bits  straight  binury 

I/O  control  signals  OP  DVU  requests  output  datu 

1R  DVU  requests  video  input 
1A  - Computer  acknowledges  input 
INIT  Initializes  DVU,  ruisos  OR 

The  DVU  provides  LED  panel  indicators  for  the  following  information  signals,  not  used  us 
logical  slgnuls  in  the  operation: 


BUSY 


XMIT 


High  during  transmission  to  eameru  and  de- 
flection settle  and  dwell  time 

High  during  transmission  of  data  from  eameru 


The  system  is  designed  to  operate  under  computer  control;  that  is,  the  computer 
directs  the  camera  to  a specified  point  in  the  field  of  view.  The  camera  system  measures  the 
brightness  of  the  point  and  transmits  this  video  signal  to  the  computer, 

In  addition,  the  system  includes  provisions  for  adjusting  video  guin  (four  settings) 
and  operating  up  to  five  external  system  controls  by  computer  or  front  panel  controls, 

The  sequence  of  operation  is  as  follows:  * ' 


signal. 


1 . The  DVU  accepts  position  data  from  the  computer-  X and  Y data  plus  a GO 

2.  The  data  are  transmitted  to  the  camera  (approx  150  /us). 

3.  'flic  camera  deflection  moves  to  the  directed  point  (approx  40  as). 


1 1.  Wuollncr,  Lli,  “Technical  Manual  Vidisseetor  Camera  System  for  Underwater  Photometry,”  ITT 
Report  Proj  64225 , 2H  April  1675 
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4.  The  video  signal  is  measured  (50  ns  to  5 nis  by  front  panel  signal  dwell  time 
control). 

5,  The  video  data  are  transferred  to  the  computer. 

Total  time  per  element,  therefore,  ranges  from  240  /as  to  5,2  ms. 

The  data  format  required  by  the  DVU  from  the  computer  is  shown  in  figure  8.  An 
overall  block  diagram  of  the  DVU,  underwater  cable,  and  underwater  radiance  scanner 
sensor  is  shown  in  figure  9. 
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0 

Sat  gain  00,  *1  X 104 

? 

0 

0 

0 

1 1 -7  dltregarded 

0 

0 

0 

0 

0 

0 

1 

Set  gain  01,  *“6  X 104 

1 

0 

0 

0 

11-7  dltregarded 

0 

0 

0 

0 

0 

1 

0 

Set  gain  10,  ^2,6  X 10B 

1 

0 

0 

0 

11-7  dltregarded 

0 

0 

0 

0 

0 

1 

1 

Set  gain  11,  *1,25  X 10® 

1 

0 

0 

0 

11-7  dlirogarded 

0 

0 

0 

0 

1 

0 

0 

Opent  aperture  to  f 72  B 

1 

0 

0 

0 

1 1 -7  dltregarded 

0 

0 

0 

1 

1 

0 

0 

Clout  aperture  tof/22 

Figure  8,  Computer  output  format  to  DVU, 


2-12 


{ i 

■J ' 

UNDERWATER  CABLE 

( 

4 K 

3 TW  PR  V 

1 

E 

■n  ■ 

1 

R 

« X 

A 

ELECTRONICS 

BOX 


VIDISSECTOR 
TUBE  & COILS 


DEFL  DR 


FOC  REG 


APERTURE 

CONTROL 


I'lgurc  •>,  Ovurull  block  diagram. 


2-13 


DIGITAL  EQUIPMENT 


The  underwater  scanner  requires  a general-purpose  digital  computer  which  can  pro- 
vide program  control  and  handle  the  return  video  data.  Peripheral  equipment  of  various 
types  may  he  provided  to  best  suit  the  user’s  needs. 

For  the  experiment,  the  equipment  was  chosen  principally  on  the  basis  of  ready 
availability  within  the  laboratory.  As  a central  processor,  a Nova  800  computer  was  utilized 
having  16k  of  core  memory  (16  384  sixteen-bit  words).  The  other  equipment,  as  shown  in 
figure  I,  included: 

Mogutok  PB-72 1 A-08  gruplties  interface  having  256  data  point  memory  with  refresh 

Dututron  clock  and  MDU  Systems  interface  board  to  provido  day  and  time  of  day 
to  10  milliseconds 

ASK-33  TTY  with  a Kemcx  I/O  hoard  controller 
Nine-truck  Wangco  magnetic  tape  duck  with  Decision  controller 
Kemcx  high-speed  paper  tupe  mider/puneh  and  controller 
Analogic  32-channel  A/D  and  8-chunriol  D/A  converter  with  Interface 
Tektronix  RM-503  oscilloscope 


SOFTWARE 

F or  maximum  versatility  and  ease  of  operation  thu  operating  program  language  was 
single-user  BASIC.  as  provided  by  Data  General  Corporation,  but  modified  to  accept  sub- 
routine calls  to  assembly  language  programs  stored  in  core.  These  assembly  language  sub- 
rout  lues  operate  all  the  peripheral  equipment  except  the  TTY,  including  the  radiance  scun- 
ner. The  transfer  of  data  from  BASIC’  to  core  storage  and  to  peripheral  equipment  is  also 
controlled  by  assembly  language  subroutines, 

Core  storage  of  the  NOVA  was  configured  to  contain,  starting  from  the  highest 
address,  the  binary  loader  or  bootstrap.  The  next  4095  words  were  dimensioned  for  the 
magnetic  tape  buffer.  The  assembly  language  subroutines  (drivers)  occupy  approximately 
the  next  3k  of  storage  followed  by  the  dimensioned  arrays  The  lowest  4k  of  core  contains 
the  BASIC  Interpreter  with  operating  program  storage  in  the  space  between  the  BASIC 
Interpreter  and  the  arrays. 

Flic  high-speed  paper  tape  reader  was  used  to  duplicate  paper  tapes  and  to  load  the 
computer,  Operating  programs,  however,  could  only  be  entered  via  the  teletype,  either  by 
typing  in  the  program  or  using  prepared  tapes  on  the  teletype  tape  reader. 


OPERATING  PROGRAMS 

The  virtue  of  using  BASIC  hi  the  operating  programs  is  the  ability  to  write  or 
modify  programs  easily  to  perform  a variety  ol  functions,  such  as  reading  the  environmental 
sensors,  reducing  recorded  data,  or  displaying  real-time  imagery  for  examination.  A large 
number  of  programs  were  developed  during  the  field  tests  and  during  equipment  calibration 
efforts.  Two  programs,  however,  were  used  in  various  forms  to  acquire  most  of  the  under- 
water radiance  data.  These  are  the  Automatic  Hemispherical  Sean  program  and  the  Snap- 
shot program. 
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AUTOMATIC  HEMISPHERICAL  SCAN  PROGRAM 

The  Automatic  Hemispherical  Scan  program  scans  the  entire  upper  hemisphere  using 
three  preset  resolution  values.  The  data  points  generated  by  the  defleetion  program  are 
shown  in  figure  10.  The  Innermost  square  contains  the  zenith  and  circumscribes  zenith 
angles  of  up  to  nominally  30  degrees.  Highest  resolution  is  used  in  this  central  zone  as  sky 
features  of  interest  to  the  experiment  (the  sun)  will  appear  in  it.  The  inner-zone  resolution 
is  20  digital  deflection  units,  or  approximately  1 degree. 

The  resolution  of  the  next-larger  square  is  half  that  used  for  the  inner  scan,  about  2 
degrees.  This  square  circumscribes  the  Snell  circle,  a circle  of  approximately  50  degrees 
from  the  zenith  within  which  is  refracted  the  entire  hemisphere  of  light  above  the  water. 

The  outer  region  uses  a resolution  of  4 degrees  and  is  circularly  configured  to  match  the 
image  formut  of  the  fisheye  lens, 

At  the  start  of  euch  dutu  run,  the  operator  enters  a starting  electron  multiplier  gain 
for  the  first  scan  in  euch  zone,  The  operator  must  manuully  set  the  signul  dwell  or  integra- 
tion period  und  the  aperture  opening.  The  first  operation  performed  by  the  progrum  is  to 
read  the  day  and  timo-of-day  clock  und  then  the  environmental  monitors.  These  data  are 
stored  in  the  magnetic  tape  buffer  und  written  onto  the  tape  luter. 

The  progrum  scuns  the  inner  area  first,  using  the  initial  camera  gain  setting  that  is 
entered  ut  the  start  of  the  program.  The  aperture  of  the  cumerti  is  positioned  at  X = -600, 

Y n -600  und  scans  inward  towards  the  zenith.  The  positioning  Is  performed  in  the  Camera 
X,Y  deflection  coordinate  system,  Readings  are  taken  ut  (X,Y),(X,-Y),(-X,-Y),und  (-X,Y). 
The  X coordinate  is  then  increased  by  I degree  (20  deflection  units),  und  another  set  of  four 
readings  is  tuken.  The  X coordinate  is  increased  und  reudings  ure  tuken  until  Its  vulue  is  0, 
then  X is  reset  at  -600  again  und  Y is  increased  to  -580,  Readings  are  taken  in  this  manner 
until  the  aperture  is  positioned  at  tire  zenith. 

A check  is  made  while  scanning  the  inner  uruu  to  determine  whether  the  threshold 
of  the  camera  (lvuiximuni  video  signal  of  1023)  has  been  exceeded.  If  it  has,  scanning  will 
ho  switched  to  the  Snell  area  of  the  viewing  field.  If  not,  the  gain  setting  on  the  cameru  is 
cheeked  to  determine  whether  the  highest  gain  setting  on  the  cumera  has  been  used  for 
scanning,  If  not,  the  gain  is  increased  and  the  aperture  is  reset  ut  X = Y = -600  und  scunning 
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of  the  inner  urea  is  mude  again.  Tin*,  scanning  is  switched  to  the  Snell  zone  if  the  highest 
gain  was  used.  The  Snell  and  outer  urea  scans  arc  made  in  the  sumo  manner. 

When  the  aperture  of  the  camera  has  been  positioned  at  a data  point,  the  camera 
sends  back  a signal  to  the  analog-to-digital  converter.  The  A/D  converter  changes  the  signal 
to  a number  from  0 to  1023,  witli  1023  being  the  threshold.  This  number  is  stored  in  the 
computer  buffer  area  along  with  the  X and  Y coordinates  of  the  aperture  position.  When 
the  buffer  is  full,  its  contents  are  written  onto  niugnetic  tape  as  a record. 

The  program  stores  the  highest  signal  read  in  each  urea,  the  coordinates  of  the  posi- 
tion, und  the  camera  gain  setting.  The  program  also  keeps  a counter  of  the  number  of 
times  the  signal  exceeds  the  camera  threshold.  These  data  arc  printed  by  the  teletypewriter 
along  with  a completion  message  when  the  program  bus  been  executed.  Flow  charts  of  the 
Automatic  Hemispherical  Scun  program  arc  shown  in  figures  1 1 and  12, 

A variation  of  this  program  drives  the  digital-to-analog  converters  with  the  X,Y 
deflection  and  the  return  video.  An  oscilloscope  monitor  cun  provide  u roul-time  image  of 
the  scene  for  preview  and  monitoring,  Unfortunately,  the  oscilloscope  available  to  this  proj- 
ect responded  poorly  to  Z^axls  modulation.  Figure  13  is  a photograph  of  the  radiance  dis- 
tribution made  from  the  oscilloscope  monitor.  The  depth  was  15.24  meters  in  the  morning 
of  12  June  1 D 7 5 . during  a heavily  overcast  condition.  In  the  photograph  North  is  up,  but 
West  is  found  toward  the  right.  The  shadow  beginning  in  the  lower  right-hand  corner  and 
disappearing  toward  the  zenith  is  the  8-inch  vertical  pipe  support  for  the  instrument 
platform. 
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Figure  1 1 . (Coni limed). 
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Figure  1 1 . (Continued), 
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Figure  1 1 . (Continued). 
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Figure  1 1 . (Continued), 
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Figure  12.  Mag  tape  write  subroutine. 
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Figure  13.  Radiance  pattern  from  SO  feet,  overcast  sky. 


SNAPSHOT  PROGRAM 

Tilts  Snapshot  program  was  developed  to  acquire  a large  volume  of  data  in  the  short- 
est possible  time.  The  operating  program  begins  by  reading  the  day  and  time-of-day  clocks 
and  the  environmental  sensors  as  before.  But  the  program  then  goes  to  an  assembly  lan- 
guage subroutine  which  operates  tiie  camera  In  a nonautomutie  open-loop  mode.  The 
operator  must  manually  enter  the  electron  multiplier  guin,  the  signal  dwell,  and  the  aperture 
stop  before  initialing  program  RUN. 

The  program  requests  a center  X,Y  coordinate  location,  a resolution,  and  the  num- 
ber of  scans  desired.  The  assembly  language  subroutine  drives  the  camera  deflection  circuits 
to  develop  a 60  X 60  square  array  of  3600  data  points.  The  center  coordinates  ure  found  in 
the  30th  row  and  column  of  this  array.  Data  are  stored  directly  In  the  magnetic  tape  buffer, 
It  is  the  si/e  of  this  buffer,  4096  words,  which  limits  the  array  to  60  X 60.  The  time  to 
scan  this  array  is  860  milliseconds  with  the  signal  dwell  set  in  its  lowest  position,  Recording 
t he  data  on  magnetic  tape  requires  less  than  1/2  second  so  that  repetitive  scans  can  be  made 
every  1 .3  seconds,  Dynamic  events  such  as  wave  action  have  been  studied  by  making 
records  of  more  than  200  consecutive  frames. 

Tile  solid  angle  or  field  covered  by  the  Snapshot  program  depends  on  the  operator- 
specified  resolution,  since  adjacent  data  points  are  separated  by  this  resolution.  If  a resolu- 
tion of  20  is  specified  (deflection  units),  then  the  array  will  he  approximately  ±30  degrees 
(±600  deflection  units)  in  X and  Y around  the  specified  center  coordinates,  An  unused 
feature  of  the  program  allows  t ho  X-axis  resolution  to  be  different  from  tile  Y-axis 
resolution. 

A later  development  of  the  Snapshot  program  gives  operator  control  over  the  si/e 
of  the  array  as  well,  allowing  smaller  frames  to  he  taken  more  rapidly. 
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CALIBRATION 


The  purpose  of  calibrating  the  radiance  scanner  is  to  quantify  its  performance  char- 
acteristics and  to  provide  an  analytical  means  of  interpreting  the  response  of  the  scanner  in 
terms  of  the  incident  energy. 

Calibration  of  the  radiance  scanner  was  performed  twice,  before  and  after  fielding 
the  instrument  to  acquire  data. 

The  initial  calibration  effort  was  directed  toward  verifying  the  instrument  functions, 
performing  necessary  adjustments,  and  developing  confidence  in  the  hardware,  During  this 
effort  accessibility  to  the  camera  was  essential,  and  it  was  not  installed  in  the  watertight 
pressure  canister.  Radiometric  measurements  of  camera  sensitivity  und  resolution  were  made 
as  well  us  camera  fiold-of-view  deflection  sensitivity.  These  data  compared  canieru  perform- 
ance with  predicted  values  and  provided  numbers  which  would  be  useful  in  the  initial 
interpretation  of  the  data.  The  radiometric  calibration  is  reproduced  later  in  this  section  for 
use  whenever  the  camera  is  operated  above  the  water  to  calibrate  the  scene. 

It  was  recognized;  however,  that  operation  of  the  canieru  underwater  in  the  canister 
would  be  characterized  by  somewhat  different  calibration  levels  due  to  the  additional  lens 
element  formed  by  the  submerged  dome.  Setting  of  the  wide-angle  fisheye  lens  focus  ring 
from  infinite  (°°)  object  distance  to  1 foot  provided  a correctly  focused  image.  The  entrance 
pupil,  stops,  and  projection  formula  of  the  lens,  however,  could  not  be  simply  corrected, 
and  an  underwater  calibration  was  recognized  as  essential. 

At  conclusion  of  the  field  tests  the  radiance  scunner  was  returned  to  the  laboratory 
for  calibration.  It  was  determined  that  calibration  should  be  accomplished  with  minimal 
risk  of  altering  the  condition  or  configuration  of  the  instrument.  Therefore,  no  electronic 
adjustments  were  allowed  and  the  underwater  canister  wus  not  opened  or  disturbed  in  uny 
wuy, 

To  accomplish  the  underwater  calibration,  a fixture  was  designed  and  constructed  to 
fit  over  the  dome  on  the  underwater  canister.  This  fixture,  itself  a hemispherical  dome  of 
40.6-em  ( I 6 in)  diameter,  was  fitted  with  five  flat  5-ein  (2  in)  diumeler  windows  on  u great 
circle  through  the  center  (zenith)  of  the  dome.  These  windows  were  cemented  into  open- 
ings drilled  at  the  zenith  (0  degree)  and  at  30,  45,  00,  and  85  degrees  from  the  zenith.  The 
entire  dome  fixture  was  painted  black  except  tor  the  windows. 

Tlie  cunieni  was  positioned  vertically  by  leveling  the  cover  plate,  using  a Starrett 
square  bubble  lovelheud,  and  shimming  the  support  stand,  The  dome  was  then  placed 
over  the  top  of  t ho  camera  and  filled  with  tap  water.  During  the  calibration  procedure  it 
wus  necessary  to  remove  and  reposition  the  dome  on  the  camera  a number  of  times,  A 
Starrett  machinist  protractor  head  with  bubble  level  was  used  to  determine  the  angle  of 
each  window  from  t he  vertical  several  times,  always  measuring  in  the  plane  of  the  great 
circle.  As  a result,  it  was  determined  that  the  windows  were  positioned  ut  zenith  angles  of 
0 degree  and  20,  q| , and  85  degrees  ± 1/2  degree. 

A 1000-watt,  short-arc,  high-pressure  xenon  lamp  was  used  as  a light  source.  An 
adjustable,  filtered  dc  power  supply  operated  the  lamp  and  allowed  control  of  its  intensity. 
Tlie  lamp  was  mounted  in  a lighttight  aluminum  housing  which  provided  un  aperture  of 
0.635-cm  ( I / 4 in)  diameter.  The  aperture  of  the  lamp  was  positioned  1 32  cm  from  tlie 
calibration  fixture.  A diagram  of  the  calibration  apparatus  is  shown  in  figure  14.  The 
total  length  of  the  optical  path  from  the  aperture  to  the  camera  entrance  pupil  (taken  to 
the  center  of  the  camera  dome)  was  140,4  cm.  At  litis  range  the  calibration  tight  source 
subtended  an  angle  of  0,23  degree,  or  4.25  niillirudiims. 
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Figure  14,  Underwater  calibration  apparatus, 


The  experimental  configuration  shown  was  arranged  to  illumlnute  euch  of  the 
windows  In  turn.  A small  3-cm  mirror  was  utilized  to  uutocollimate  the  light  source  zenith 
angle  position  perpendicular  to  the  windows,  irradiance  from  the  light  source  was  moni- 
tored by  a UDT-21 A power  meter  appropriately  filtered  to  respond  to  the  energy  in  the 
passband  of  the  radiance  scunner.  The  power  meter  head  was  placed  temporarily  over  the 
illuminated  window  at  u distance  of  130  cm  from  the  source  to  determine  the  flux  level 
at  that  distance.  Correcting  for  window  reflection  losses  and  the  additional  optical  path  to 
the  camera  entrance  pupil,  the  effective  flux  level  Is  0.73  that  incident  on  the  monitor 
meter.  After  the  flux  level  at  the  window  had  been  measured,  the  calibrated  irradiance 
meter  head  was  moved  to  u location  adjacent  to  the  window.  The  window  was  thus  un- 
obscured, and  the  meter  served  to  monitor  the  relative  light  level  for  unexpected  changes 
in  the  radiunt  intensity  of  the  source. 

Data  were  acquired  through  each  window  on  the  radiance  scanner  sensitivity,  the 
X.,Y  deflection  address,  resolution,  and  effects  of  gain  und  dwell  settings.  After  data  hud 
been  obtained  through  each  window,  the  dome  fixture  was  removed  and  rotuted  180 
degrees  to  complete  tire  data  set  for  a given  grout  circle,  or  camera  axis  when  referred  to 
the  focal  plane.  Four  such  axes  were  used,  nominally  the  X uxis,  the  Y axis,  and  the  45° 
axes  (X  = Y)  und  (X  - -Y).  The  45-degree  axes  were  chosen  to  test  the  deflection  system 
for  pincushion  distortion.  It  was  not  possible  to  accurately  align  the  data  axes  with  the 
camera  body  inside  the  canister  since  it  was  Inaccessible.  A list  of  the  X Y addresses  of 
peak  response  is  given  in  table  1 , and  tli  ;y  ure  plotted  in  figure  1 5 on  the  X,Y  plane  of  the 
digital  cotrmiund  address. 
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TABLE  I . DEFLECTION  CALIBRATION  DAT  A POINTS. 


Address 


45  degrees 
45  dogrecs 
45  degrees 
61  degrees 
61  degrees 
61  degrees 
61  degrees 
61  degrees 
61  degrees 
61  degrees 
61  degrees 
85  degrees 
85  degrees 
85  degrees 
85  degrees 
85  degroos 
85  degrees 
85  degrees 
85  degrees 
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Figure  15,  Doflcellon  eullbrulion  data  points 
(from  ruble  I). 
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The  zenith  (0  degree)  data  point  was  measured  only  three  times  to  establish  an  ap- 
proximate center  for  reference. 

There  are  generally  eight  data  points  for  each  zenith  angle.  From  the  basic  lens 
projection  formula,  these  are  expected  to  lie  on  a circle  in  the  focal  plane,  the  radius  of  this 
circle  to  be  proportional  to  the  zenith  angle. 

The  data  points  for  each  zenith  angle  were  taken  in  all  combinations  of  three  (56 
combinations  for  eight  data  points)  und  the  sets  of  simultaneous  equations: 

t 

(<Xj-X0)2MYj-Y0)f3-r  j,  k,  1 ■ 1 to  8 

((Xk-X0)2  + <Yk-Y0)fJ»r  (10) 

((X,  - X0)2  + (Yj  - Y0)^  “ r 

solved  for  the  radius  r of  the  circle  and  the  coordinates  of  the  center  of  the  circle  Xq,  Yq, 
The  solutions  to  the  56  combinations  were  then  averaged  to  an  arithmetic  mean.  The 
resulting  curves  (circles)  were  found  to  fit  the  data  rather  well.  Only  data  point  8 had  to 
be  discarded  because  of  its  effect  on  the  results.  This  technique  can  only  be  used  where 
the  dutu  points  are  well  behaved.  Data  points  and  the  circles  which  fit  to  the  data  are 
shown  in  figure  1 6.  Radii  in  digital  deflection  units  for  each  zenith  angle  0 are: 

J-  JL. 

0°  0 

29°  623 

45°  948 

61°  1270 

85°  1698 

These  arc  plotted  in  figure  17. 

Figure  18  shows  the  calculated  Xg,  Yg  pairs  as  well  as  the  three  measured  centers, 
data  points  5 through  7.  Except  for  data  point  6,  the  results  ure  clustered  closely.  The 
point  72,  -204  near  the  geometric  center  was  chosen  as  the  center,  or  zenith  point,  of  the 
radiance  scanner. 
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Figure  18.  Cumulated  und  measured  Xq,  Yq. 


DEFLECTION 

13y  referring  to  figure  1 7 it  cun  be  seen  that  the  zenith  ungle  projection  onto  the 
photocuthode  depurts  from  the  expected  linear  relationship  ut  some  angle  greuter  than  61 
degrees.  This  lens  behavior  is  probably  a result  of  the  focusing  of  the  lens  for  a finite  object 
distunce  (I  foot),  the  water-covered  dome  optics,  or  both.  Four  analytical  expressions  were 
derived  to  fit  the  curve  of  figure  17,  The  expressions  are: 

1 , Linear,  This  relationship  is  the  straight  line  druwn  on  figure  17. 

- 71)2  (Y  + 204 )2\V‘  r .... 


2.  Empirical.  This  relationship  attempts  to  correct  for  the  nonlinearity  at  large 


unglcs, 


LtX  - 72)~  + (V  + 204)“. 
21.61 


2,  Polynomial  of  second  degree.  Chebyshev  polynomials  of  second  and  third  de- 
gree were  fitted  to  the  data  by  a least -squares  method.  The  second-degree  relationship  is; 

[(X  - 72)2  + (Y + 204)2]  --0, 0141 402  + 21. 7470  -1.981  - r.  (13) 
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4.  Polynomial  of  third  degree,  This  relationship  has  not  been  tested: 

[jtX  -72)2  + (Y  + 204):J'/j  = 0.000 103  -O.O26302  + 22,0870-  2.277  = r.  (14) 

T hree  of  those  expressions  were  tested  by  using  the  data  in  table  1 with  the  exception 
of  data  points  6 and  8.  Table  2 shows  the  zenith  angles  predicted  by  expressions  1 . 2,  and  3 
from  the  data  of  table  I , 

The  linear  relationship  is  easier  to  handle  analytically  and  can  be  made  to  fit  the  datu 
rather  well  (±1  degree,  or  +2.0%)  for  zenith  angles  of  less  than  60  degrees.  A better  fit  is 
provided  by  the  empirical  relationship,  equation  1 2,  which  is  ± 1 ,5%  over  the  entire  range, 
und  use  of  this  expression  Is  recommended, 

Since  the  radiance  scanner  was  occasionally  operated  above  water  to  record  the 
angular  location  of  the  sun  for  rotational  or  azimuthal  alignment,  the  deflection  characteris- 
tics in  air  were  also  measured.  Deflection  as  a function  of  the  radius  of  the  command  is 
shown  in  figure  10.  The  center  coordinates  were  unchanged  from  the  underwater  case, 
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DEFLECTION  SENSITIVITY 

The  deflection  sensitivity  of  the  radiance  scanner  is  a significant  parameter  in  de- 
termining the  angular  resolution  of  the  instrument.  For  polar  deflections  or  deflections  in 
planes  containing  the  zenith  vector,  the  relationships  derived  for  polar  angle  can  be  differen 
tinted  to  give: 

1 , Linear: 

—■  - 0.04866  degree/digit  of  deflection.  (11' 

dr 

2,  Empirical: 

“ ~ 'L'v~-r, • degree/digit  of  deflection.  ( 1 2' 

dr  31.61 

3,  Polynomial  of  second  degree: 

degree/digit  of  deflection.  (13' 

dr  1-0.00130 

Since  the  data  show  tliut  the  linear  approximation  has  limited  validity  while  the 
camera  is  submerged,  it  may  he  necessary  to  use  a nonlinear  deflection  characteristic,  par- 
ticularly at  large  zenith  angles,  for  accuracy.  The  empirical  relationship  equation  12  offers 
some  convenience  and  is  recommended.  Table  3 lists  the  deflection  sensitivities  at  the 
zenith  angles  used  in  calibration. 


TABLE  3.  POLAR  DEFLECTION  SENSITIVITY. 
Linear  Empirical 


d 0 

dr 

d0 

dr 

dr 

d0 

dr 

d0 

0.04866 


constant 

constant 

constant 

constant 


0,031636* 

0.04033 

0.05050 

0.05140 

0,05230 


31.61* 

20.27 

10,767 

10.421 

10.088 


2nd  Degree 
Polynomial 


0,045083 

0,047784 

0.048840 

0.049044 

0.051605 


21.75 

20.027 

20.475 

20.023 

10,344 


the  ilurivmlve  »l  the  uaiplrkul  expression  is  chunking  rapidly  at  0 degree.  The  vulue  from 
the  linear  relationship  Is  recommend eil  at  0 degree. 


> 'll 


I 

Ilf  the  deflection  properties  of  the  camera  had  been  linear,  then  the  deflection  sensi- 
tivity in  the  azimuthal  direction  at  various  points  in  the  field  would  also  be  a constant  and 
equal  to  the  polar  deflection  sensitivity  d^/dr,  However,  the  azimuthal  deflection  sensitivity 
j is  a function  of  the  zenith  angle,  or  r.  The  values  in  table  4 are  found  by  using  the  empirical 

] relationship, 


TABLE  4.  AZIMUTHAL  DEFLECTION  SENSITIVITY 
(EMPIRICAL), 


d0 

"dr 

dr 

dsr 

0° 

— 

- 

29° 

0,04655 

21.482 

45° 

0.04747 

21,066 

61° 

0.04803 

20,820 

85° 

0,05006 

19.976 

VIDEO  SIGNAL  LEVELS 

A subroutine  of  the  computer  program  commanded  the  camera  to  repetitively 
sample  u selected  dutu  point  and  display  the  digitized  value  on  the  teletypewriter  terminal. 
This  subroutine  was  exercised  at  or  neur  the  peak  video  response  obtained  for  each  data 
point.  During  the  repetitive  sampling  provided  by  this  procedure  the  camera  gain  controls, 
the  signal  dwell  time,  and  the  camera  aperture  were  stepped  over  their  usable  runges.  The 
resultant  changes  in  video  output  were  printed  on  the  teletypewriter,  allowing  repeuted 
comparisons  between  gain  setting,  dwell  setting,  and  aperture  position. 

The  signal  levels  at  two  gain  settings  were  compared  to  determine  the  relative  gum 
provided  at  each  of  the  preset  gains  (multiplier  high  voltages).  Examination  of  the  data  in 
this  manner  provided  inconsistent  results,  with  the  gain  ratios  apparently  signul  level 
dependent, 

One  possible  explanation  of  this  behavior  could  be  an  incorrectly  set  zero  level  on 
the  sample-und-hold  circuit  in  the  video  processor  with  the  result  that  small  signals  were 
recorded  as  zero-level  signals. 

A 1-volt  power  supply  was  arranged  to  supply  small-current  signals  directly  to  the 
image  dissector  lube  anode,  A series  resistance  box  of  1%  accuracy  was  used  to  set  the 
signul  levels,  Resistance  values  between  50  kilohms  and  3,5  megohms  were  employed. 

Figure  20  shows  the  basically  linear  response  of  the  video  circuit  und  processor,  Figure  21 
dotuils  the  response  at  the  smull-signal  end  of  the  range.  The  results  were  found  to  be  inde- 
pendent of  tile  high  voltage,  or  tube  guln  setting.  It  Is  apparent  that  a zero  offset  of  approxi- 
mately 1 4 digital  units  is  present.  When  1 4 units  were  added  to  each  data  point,  tiro  guin 
setting  data  were  much  better  behaved, 
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GAIN  SETTINGS 

From  the  corrected  data,  the  ratios  of  the  signal  levels  at  any  two  gain  settings  can 
be  determined.  Using  the  binary  representation  of  the  gains  (00, 01 , 10,  1 1),  the  signal 
ratios  are  shown  in  table  S. 

If  we  define  a gain  factor  G to  be  used  with  a camera  calibration  normalized  for  gain 
10  (2),  the  values  in  table  6 can  be  derived  from  table  5. 


TABLES.  SIGNAL  RATIOS  BETWEEN 
GAIN  SETTINGS. 


Std  Devn 


0.006(3.5%) 


Samples 


18 


0.228  0.007(2.0%) 

0,326  0.02  (6.2%) 

TABLE  6.  CAMERA  GAIN  FACTORS. 


DWELL  SIGNAL  GAIN 

During  the  repetitive  sampling  subroutine,  the  10-turn  potentiometer  which  controls 
the  signal  integration  period  was  calibrated  by  taking  readings  at  various  settings.  The  sig- 
nal gain  provided  by  Increasing  the  signal  Integration  time  was  measured  by  recording  the 
signal  levels  at  each  setting. 

Due  to  the  dynamic  range  provided  by  the  signal  integration  period,  or  dwell,  the 
dutu  hud  to  be  developed  in  three  segments  und  joined  at  0.5  turn  and  5 turns  of  the  poten- 
tiometer. Tile  dwell  gain  factor  Gj  is  defined  relutive  to  a gain  of  1 at  0 potentiometer 
turn.  Dwell  gain  factors  Gj  arc  shown  in  table  7 and  graphed  in  figure  22. 

The  dwell  potentiometer  was  expected  to  provide  a linear  control  over  the  signal 
integration  time  and  hence  the  signal  level,  or  gain.  If  control  were  linear,  the  equation 
describing  Gtj  would  be 

G,i  - 1 + 12. 2D,  (15) 


where  D is  the  number  of  turns  of  the  dwell  potentiometer.  This  relationship,  shown  in 
figure  22,  is  not  seen  to  accurately  represent  the  measured  data.  The  empirical  relationship 

Gd»l + 11.23D1*036  (16) 

was  derived,  and  values  shown  in  table  7 indicate  good  agreement  with  the  measured  datu. 
This  equation  is  recommended  as  a convenient  analytical  tool  during  data  reduction. 


APERTURE  SETTING 

During  calibration,  attempts  were  made  to  compare  signal  levels  obtained  with  the 
aperture  stop  at  f2.8  with  results  at  f22.  In  general,  these  efforts  were  not  successful;  the 
values  found  ranged  from  47.5  to  8836,  In  the  preexperimentul  calibration  period,  the 
uttenuation  provided  by  going  from  f2,8  to  f22  compured  favorably  with  the  expected 
factor  of  64. 

Apparently,  the  optical  dome  underwater  has  sufficiently  perturbed  the  optical  path 
that  the  diaphragm  is  no  longer  located  in  the  entrance  pupil.  The  result  is  that  aperture 
function  is  no  longer  predictable  and  will  vary  over  the  focal  plane. 

Fortunately,  no  quantitative  data  were  acquired  with  the  aperture  in  the  f22  posi- 
tion. The  only  use  of  the  stopped-down  camera  in  the  field  wus  in  making  sun  shots  with 
the  camera  above  the  water. 


SPECTRAL  BANDWIDTH 

An  interference  filter  is  plueod  behind  the  fisheye  lens  assembly  to  limit  the  spectral 
bandwidth  of  the  radiance  scanner. 

Spectral  characteristics  of  this  filter  are  shown  in  figure  5,  Additionally,  the  filter 
sideband  blocking  is  10*^  or  better  from  the  ultraviolet  to  beyond  1 /urn  in  the  near  infrared, 

The  back  local  length  of  the  ions  is  greater  than  40  millimeters  while  the  maximum 
radial  point  in  the  focal  plane  is  1 1 millimeters  from  the  optic  axis.  Therefore,  the  maxi- 
mum angle  of  incidence  at  the  filter  is  of  the  order  of  15  degrees.  The  wavelength  character- 
istic of  tlic  filter  when  used  at  1 5 degrees  will  shift  approximately  65  A towurd  shorter 
wavelengths,  but  the  passband  shupe  will  bo  unchanged.  This  shift  is  less  than  the  effective 
filter  bandwidth  and  will  be  inconsequential  in  viewing  natural  sunlight  fields. 

The  filter  bandwidth  at  hulf  the  peak  transmission  is  measured  at  93  A ±3  A. 

AX  * 93A  . (17) 


RADIOMETRIC  SENSITIVITY 

To  measure  the  radiance  scanner  optical  response,  the  known  flux  density  and  ex- 
perimental arrangement  shown  in  figure  14  were  used.  The  camera  design  resolution  wus 
approximately  I degree  ( 1 7 milliradians),  and  since  the  light  source  subtense  was  0.23 
degree  (4.5  milliradians),  it  effectively  measured  the  peak  response  of  the  camera  field.  To 
mechanize  this  technique,  u modification  of  the  Snupshot  program  wus  used  to  drive  the 
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radiance  scunner,  This  progrum  sampled  camera  response  over  a 60  X 60  X,Y  urruy  for  u 
total  of  3600  data  points.  Spacing  between  elements  of  the  array  was  reduced  to  I digital 
address  for  maximum  resolution.  The  data  were  recorded  on  magnetic  tupe  for  later  reduc- 
tion. A playback  option  in  the  program  allowed  for  the  display  of  the  array,  characterized 
by  a single  digit  (0-0)  for  each  element, on  the  teletypewriter, 

Figure  23  is  an  isometric  contour  plot  of  the  60  X 60  array  for  data  point  32.  This 
solid  has  us  its  base  area  the  X,Y  plane  represented  in  digital  deflection  units  and  as  its 
height  the  video  response  at  eaeli  corresponding  uddress.  The  volume  V(X,Y)  of  this  solid 
represents  the  total  camera  response  to  the  irradianco  from  the  tost  light  source.  The  shupc, 
or  distribution,  of  the  volume  describes  the  spatial  resolution  of  the  radiance  scanner, 

Limited  though  those  datu  may  be,  they  required  considerable  time  and  effort  to 
acquire.  The  1 4 digits  of  signal  offset  were  discovered  after  the  basic  rudlometrie  response 
data  were  obtained,  liven  if  these  measurements  could  be  repeated,  the  camera  alignment 
has  been  disturbed  by  disassembly  sufficiently  to  invalidate  the  results. 

Subsequently  it  was  determined  thut  the  data  could  be  utilized  by  adding  1 4 to 
each  nonzero  signal  level,  This  introduces  a small  erroi  since  signul  levels  below  14  were 
reported  by  the  camera  as  zero  signals  and  those  data  points  cannot  he  corrected  us  they 
cannot  be  discerned  from  genuine  zero-level  signals. 

The  solid  volume  V(X,Y)  of  the  camera  response  was  computed  for  ouch  data  point 
and  the  value  of  the  peak  signal  response  S(X,Y)  recorded  after  adding  14  units  to  ouch 
nonzero  value.  Additionally,  the  diameter  of  a right  circular  cylinder  whose  height  is  equal 
to  the  peuk  signul  and  whose  volume  is  identically  the  camera  response  was  calculated.  This 
diameter  Is  related  to  the  effective  camera  resolution.  These  values  are  presented  in  table  8. 
The  data  in  the  “corrected”  columns  arc  normalized  to  a flux  input  of  2.92  X 1 0“7  W/onr, 
u gain  setting  of  10  (2),  and  a signul  dwcll’scttlng  of  0 turn. 


-150  1720 

figure  23.  Data  point  32  Isometric  projection, 
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Radiance  scunner  sensitivity  is  expected  to  be  u function  of  zenith  angle  <p  from  equa- 
tion 7.  The  solid  volume  and  peak  response  numbers  for  each  zenith  angle  duta  set  were 
examined.  Data  points  25  and  29  are  obviously  deficient  and  were  not  used.  The  standard 
deviations  for  each  data  set  of  peak  signals  and  volumes  are  disappointingly  large  at  1 1% 
to  23%. 

The  equivalent  diameter  d of  each  data  set  was  also  examined.  The  results  are 
shown  in  table  9. 

The  diameter  d data  show  much  less  variance  in  general,  and  deviations  in  the  peuk 
signal  S und  the  volume  V data  are  correlated  since 


d 
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In  an  attempt  to  explain  the  vuriuneu  in  the  camera  response  datu,  the  canister  was 
opened  und  the  lens  removed  from  the  radiance  scanner  to  measure  the  uniformity  of  the 
photocathode  surface,  A speck  of  dirt  on  the  face  of  the  photoeuthode  of  the  image  dissector 
tube  was  immediately  obvious.  Closer  inspection  disclosed  a number  of  smaller  white  parti- 
cles. Thu  presenee  of  this  contamination  in  the  image  plane  could  explain  the  poor  re- 
sponse logged  for  datu  points  25  und  29.  Xylene  und  dry  air  were  used  to  carefully  cleun 
the  face  of  the  tube. 

A carefully  baffled  light  source  was  used  to  Illuminate  the  fuee  of  the  tube  through 
a 522-nm  filter  of  10-nm  bandwidth.  The  flux  density  was  monitored  by  a 0,38-mm- 
diumeter  opticul  fiber  probe  connected  to  a UDT-21 A power  meter,  Flux  density  over  the 
surface  was  uniform  to  ±5%. 

The  eumeru  wus  commanded  to  sample  the  photoeuthode  response  with  10  digltul 
units  between  samples  from  -1800  < X,Y  < 1790.  The  resulting  360  X 360  arruy  map  of 
the  photoeuthode  Is  compatible  with  the  “look  up"  table  capabilities  of  uvuilublo  computa- 
tional equipment. 

Examination  of  this  photoeuthode  uniformity  data  shows  upproximutely  a 3 to  1 
ehunge  in  responsivity  over  the  useful  ureu,  the  lower  response  zone  lying  generally  in  the 
-X,  +Y  extremity  of  the  field  und  the  higher  in  the  +X,  -Y  corner,  This  sensitivity  surface 
uppeurs  reasonably  uniform  with  the  variations,  better  described  as  a “wedge"  or  smooth 
slope  across  the  face  of  the  tube. 


TAliLH  9.  RESPONSE  DIAMETER  AND  CORRESPONDING 
HELD  OF  VIEW  (AVERAGED  DATA). 


Data 

Sot 

Digital 

Diameter 

d 

Std 

Devil 

(%) 

Field  of  View 

Meusurcd  | 

(storudii 

Theoretical 
an)  AD 

0 degree 

19.76 

2,21  X ur4 

1.98  X 10-4 

29  degrees 

19.86 

1.71 

8.6 

2.16  X lO-4 

1.89  X 10-4 

45  degrees 

18.98 

0,14 

0.7 

2.07  X I0-4 

1.78  X 10"4 

61  degrees 

19.47 

0.4 

2,1 

2.24  X 10-4 

1,64  X KT4 

85  degrees 

20.43 

0.72 

3,5 

2.62  X 10"4 

1 .26  X 1 0"4 
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The  uniformity  array  contains  relative  values  of  the  photocathode  response  p ex- 
pressed as  129  600  three-digit  entries.  The  value  of  p(X,Y)  for  the  nearest  array  element 
can  be  taken  from  the  array  and  used  in  normalizing  the  camera  response.  It  appears  feasi- 
ble to  develop  an  analytic  expression  for  a surface  which  closely  approximates  the  p(X,Y) 
array  values,  In  either  upprouch,  the  error  is  expected  to  be  less  than  ±5%. 

Values  of  p(X.Y)  are  shown  in  table  8 for  each  calibration  data  point.  The  signal  S 
and  volume  V values  normalized  to  p(X,Y)  = 600  by 


S(X.Y) 


S p(X.Y) 
600  (J  Gd 


are  shown  in  table  8. 

These  normalized  values  did  not  display  significant  improvements  in  the  standard 
deviations  of  the  results  as  shown  in  table  10, 

It  is  recommended,  however,  that  a photocathode  uniformity  factor  be  incorporated 
in  the  data  reduction  formula  in  view  of  the  known  variations  which  may  affect  the  duta 
more  dramatically  than  the  limited  sample  of  calibration  points. 


TABLE  10.  PEAK  SIGNAL  AND  VOLUME 
(AVERAGED  DATA). 


Not  Normulizod 


Normalized  to  p“600 


1.74  X 10 


1,54  X 10 


1,65  X 10 


1.42  X 10 


1.07  X 10 


1.17  X 10 
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FIELD  OF  VIEW 


The  imtuntuneous  field  of  view  ol  the  radiance  scunner  wus  calculated  by  using  the 
deflection  sensitivity  values  developed  for  the  empirical  deflection  equation  und  the  equiva- 
lent diameters  (in  digital  deflection  units)  of  camera  response.  For  present  experimental 
purposes,  the  shape  of  the  instantaneous  field  is  not  of  primary  importance,  only  the 
solid  angle  AST 

Therefore,  the  polar  and  azimuthal  deflection  sensitivities  d0/dr  und  <10/dr,  tables 
3 und  4,  were  used  to  calculate  the  incremental,  or  instuntancous,  field-  shown  In  table  9. 

(10  (10 

Aa  - rillJijJi  (20) 

1,296  X I05 

It  may  be  noted  that  the  change  in  Held  with  polar  angle  follows  the  theoretical  funetlon  out 
to  45  degrees  and  then  reverses  due  undoubtedly  to  the  critical  effect  of  the  extra  opticul 
element,  the  dome,  at  large  field  angles. 

Aft  for  each  datu  point  Is  presented  In  tuble  8, 


RADIANCE  CALIBRATION 


From  the  data  developed,  wc  may  now  express  the  sensitivity  of  the  radiuneo  scun- 
ner, It  should  he  noted  that  the  volume  V of  the  signal  solid  Is  the  total  eumcru  response 
to  the  input  flux  density,  To  calibrate  for  rudiuneo  measurements,  this  eameru  response  is 
normalized  to  the  instantaneous  field  of  view  Aft.  The  Held  hus  been  shown  (equution  20) 
us  the  product  of  a eonsUmt  und  the  squure  of  the  digltul  diumetcr,  d,  or 

C d"  •=  Aft  , (21) 

Since  the  radlunce  scanner  only  measures  directly  the  response  S,  the  quantity  SAft  is  equiva- 
lent to  V with  the  appropriate  constants. 

During  tlie  calibration  procedure  (fig  14)  eumcru  response  wus  measured  for  each 
data  point  Xc,  Yy  for  a given  flux  density  ll(Xc,  Yj.  Tin  response  of  the  camera  S(Xy,  Yy) 
hus  boon  normalized  and  corrected  for  camera  conditions  by 


S'(X0.YC) 


|S(Xc,Ytf)+  14|  p(Xc,  Yc) 


600  (i  (iy| 


(22) 


N 


Calibration  data  wore  obtained  at  a set  of  N calibration  points  Xy,  Yc,  c ~ 1,2, 
where  N consists  of  32  useful  data  points. 

The  sensitivity  of  the  radiance  scanner  can  be  characterized  by  a unit  speclral 
radiuneo  AN^  (W  em“"  sr“*  A-'  digit"*)  defined  in  calibration  by  the  set  of  N equations 


AN\  = == 


IKX^ 


X“  S(Xy,  Yc)  Aft  (Xc.  Yc)  AX’ 


(23) 
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The  value  of  AN^  from  each  data  point  is  shown  in  the  last  column  of  table  8. 
Table  1 1 lists  the  average  values  for  each  angle  data  set. 

These  averaged  vulues  are  plotted  in  figure  24.  Also  shown  in  figure  24  are  two 
linear  relationships,  joined  at  0 = 45  degrees,  which  together  fit  the  table  1 1 values  to  with- 
in ±2%,  except  for  0 = 0,  This  suggests  a convenient  analytic  approach  by  letting 


ANX  = 2.68  X 10 


-8 


r2  < 898704 


1.06 


ANX  = 2.68  X 10"8  + 2 X I0"!0  -45 J r2  < 898704  , 


(24) 


To  determine  the  spoetrul  radiance  vulue  NX(X,Y)  associated  with  a eumera  response 
of  S(X,Y)  measured  with  a eumera  gain  of  G (from  table  6)  und  u dwell  gain  of  Gj  (from 
table  7 or  equution  1 6),  first  normally  the  output  by 


600  u (j  j 

where  p(X,Y)  is  the  photocuthode  array  element  nearest  X,Y. 
Next  calculate 


(25) 


I; 


t2  = (X  - 72)2  + (Y  + 204)2  . 

finally  obtain  the  spectral  rudianee  by  using  the  expression 
Nx(X,Y/  = ANx(r)S(X,Y). 


(26) 


(27) 


During  the  period  before  the  experiment,  a calibration  wus  performed  which  may  be 
useful  in  calibrating  sky  scene  radiunce  with  the  rudiunee  scunner  ubove  wuter. 

The  procedure  outlined  above  using  equations  25  through  27  may  be  used  with  the 
following  vulues  for  ANX: 


ANX  = 3,68  X 10"8; 

AN\  = 3,68  X I0"8  1 1 + 0,74  II ] ; r 

L 1.5  X 1 06J 


i *■ 

r“  < 


1.5  X 106 
2>  1,5  X 10(1 


(24') 
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CALIBRATION  ACCURACY 


The  uncertainty  in  '.he  spectral  radiance  factor,  from  table  1 1 , is  approximately 
±20%  based  on  observed  variations  in  the  calibration  data.  These  variations  are  not  com- 
pletely explainable  from  consideration  of  the  uncertainties  associated  with  the  procedure. 

Random  variations  may  arise  from  several  sources.  The  first  of  these  is  the  source 
geometry  shown  in  figure  14  where  the  radiant  flux  I-  at  the  camera  aperture  is  determined 
busicully  by  measurement  of  a flux  value  Fm  outside  the  window  at  a range  R'  from  the 
source.  The  entrance  pupil  is  assumed  at  some  effective  range  R.  The  ranges  R'  and  R can 
vary  together  between  measurements  by  ±1/2  cm. 

Use  R'  - 1 30  cm,  R = 1 50  cm,  dR'  = dR  = 1.0  cm. 


d F = 2 F 


m 


RdR'  - R'dR 
R2 


(29) 


and 


dF  ^ RdR'  R'dR  b j 
F R- 


(30) 


Another  source  cf  random  error  occurs  during  the  date  scan.  By  referring  to  figure 
23  it  can  bo  seen  that  the  base  of  the  solid  volume  nearly  fills  the  60  X 60  array.  On  some 
data  points,  a portion  of  the  volume  falls  outside  the  array  and  was  not  recorded.  This  error 
will  show  up  In  the  determination  of  df2,  since  the  volume  and  not  the  peak  signal  is  affected. 
Referring  to  table  9.  we  can  average  the  standard  deviations  to  find 

•y=3.7%  (31) 


and 


Other  random  variations  can  occur  due  to  the  experimental  setup  and  the  small 
aperture  of  the  camera,  such  as  water  drops,  window  imperfections,  and  particles  in  the 
water  Because  of  the  possibility  that  waterborne  materials  might  obscure  the  aperture,  at 
least  three  complete  scans  were  made  of  each  data  point.  The  variation  between  these 
scans  is  typically  on  the  order  of  0.1% , indicating  good  reproducibility.  The  most  signifi- 
cant variable  must  be  the  distribution  of  the  small  specs  of  contaminant  found  on  the 
phot  oca  I bode, 

Systematic  variations,  as  opposed  to  random  variations,  can  enter  from  several 
sources.  The  most  obvious  source  of  systematic  error  is  the  calibration  standard  used 
tin  oughoul  these  measurements,  the  UDT-21 A irradiance  meter,  serial  700KO.  This 
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instrument  was  delivered  witli  a ±5'.'?  calibration  accuracy  claimed  by  the  manufacturer. 

To  test  the  meter  at  the  wavelengths  used  here,  a spectral  irradiance  standard  as  described  by 
Stair  was  usedJ  - C ommercial  units  made  by  lilectro-Optics  Associates  models  L,  101  and 
PI  01  were  employed,  which  provide  a ±5'.;  absolute  spectral  irradiance.  The  filter  was  care- 
fully measured  and  reinstalled  in  the  IJDT-2 1 A meter.  Response  of  the  UDT-2 1 A with  the 
expected  value  from  die  calibration  standard  was  2.1' : high.  It  is  concluded  that  the  UDT- 
21  A was  within  its  specified  iS'.f  absolute  accuracy. 

Another  systematic  error  could  arise  due  to  thermal  effects  in  the  camera  during 
calibration.  In  the  closed  canister  without  l he  efficient  cooling  provided  by  the  ocean,  the 
camera  can  be  expected  to  operate  at  higher  temperatures,  with  the  temperature  increasing 
with  operating  time.  Hxaminalion  of  the  data  does  now  show  effects  related  to  the  period 
of  time  tlie  camera  had  been  operating. 

The  last  systematic  error  to  lie  considered  is  due  to  the  14-bit  offset  found  in  the 
data  after  calibration  data  taking  had  been  completed.  These  14  bits,  to  tile  extent  that 
they  cannot  be  corrected,  affect  the  center  of  gravity  of  the  solid  volume,  figure  22,  The 
lost  volume  is  a trianguhirly  shaped  cross-sectional  ring  around  the  base  of  the  solid.  For 
the  solid  in  figure  22,  that  perimeter  has  a length  of  about  1 20  deflection  units.  The  half- 
height  of  the  cross  section  is  seven  digital  units.  If  the  missing  ring  is  10  deflection  units 
wide,  then  a volume  of  about  8 X l(P  is  missing.  The  measured  volume  of  lata  point  22 
is  1.24  X Ur;  tlie  missing  volume  would  add  oJ'-U  The  effect  on  the  field  of  view  would 
he  an  increase  of  3.1'T, 

In  summary,  an  uncertainly  of  20'T  in  the  absolute  calibration  of  tlie  radiance  scan- 
ner must  be  assumed,  although  this  variation  cannot  be  explained  from  known  variations 
in  the  procedure. 

In  future  work,  if  tlie  unknown  source  of  photoeathode  contamination  can  be 
eliminated  and  the  photoeathode  kept  clean,  tlie  calibration  uncertainty  can  be  limited  'o 


(0.1  2)- 


+ r/,4)2  + (5):  + (2.1 


9.5%. 


(32) 


A field  calibration  fixture  to  perform  periodic  calibrations  in  the  field  would  be  a 
desirable  development  Such  a fixture  was  used  by  Smith  witli  the  radiance  camera11'  and 
can  increase  confidence  in  experimental  result s. 


12,  Stair.  R.  cl  al.  "A  New  Slniulunl  of  Spectral  li  radiance."  Appl  Optics  2 1 1 5 1 ( lOu.t) 
* Smith,  KC,  private  enmiimnlcatloti.  23  October  l')74 
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SECTION  3 

AIRCRAFT  RECEIVER  SYSTEM 


INTRODUCTION 

The  Aircraft  Receiver  System  was  designed  and  built  to  measure  the 
radiance  distribution  profile  emanating  from  the  OPSATCOM  Field  Test 
Laser  which  was  operated  underwater  at  required  depths.  Measurements 
were  made  while  the  receiver  passed  overhead  in  its  aircraft  platform 
and  tracked  the  laser.  Acquisition  of  signal  and  initiation  of  track 
were  performed  by  the  receiver  operator  pointing  the  receiver  while 
viewing  the  area  of  Interest  through  the  receiver's  optical  system  see 
Fig.  1.  After  acquisition  of  signal  the  receiver  automatically  tracked 
the  laser  signal  and  recorded  on  magnetic  tape  the  signal  intensity,  and 
the  receiver's  pitch  and  roll  angles.  From  these  data  and  the  calibra- 
tion constants  of  the  Aircraft  Receiver  System  one  can  plot  the  desired 
distribution  profiles  (cuts).  Changing  laser  depth  and  repeating  the 
above  procedure  yields  a family  of  profiles  as  a function  of  depth. 

SYSTEM  CONFIGURATION 

A simplified  system  diagram  illustrating  the  signal  flow  from  optical 
input  to  digital  tape  recorded  output  is  shown  in  Figure  2.  Table  1 
provides  a brief  description  of  each  of  the  numbered  items. 

The  system  was  configured  to  fit  into  a Consolidated  PBY-5A  amphib- 
ian flying  boat.  Figure  3 shows  the  platform.  Figure  4 shows  the 
installation.  The  APU  was  mounted  in  the  blister  compartment  In  order 
to  reduce  audible  noise  and  exhaust  gas  effects  on  personnel.  All  other 
parts  of  the  system  were  mounted  in  Compartment  2.  Figure  5 shows  the 
platform  layout.  The  "front  view"  of  Figure  5 shows  the  receiver  operator 
in  position  viewing  the  diffuse  screen  and  controlling  the  sensor  assembly 
field  of  view  with  the  pitch-roll  joystick.  Figure  6 shows  the  panel  lay- 
out of  Console  1,  Figure  7 shows  Console  2.  The  Midwestern  analog  recorder 
and  the  Tektronix  R2601  units  were  used  briefly  during  hardware  checkout, 
but  were  not  used  during  the  data  acquisition  portion  of  the  program. 
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ENTRANCE  WINDOW 
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Table  1. 


Item 

1.  Roll  Mirror 

2.  Objective  Lens 

3.  Dichroic  Mirror 

4.  Neutral  Density  Attenuating  Filter 

5.  Spectral  Filter 

6.  Quadrant  Detector 

7.  Transimpedance  Amplifier 

8.  Peak  and  Hold  for  Quadrant  1 

9.  Summing  Unit  for  The  4 Peak  and  Holds 

10.  Signal  Strength  Panel  Meter 

11.  Manual  Gain  Control  Switch  Unit 

12.  Signal  Multiplexer 

13.  Analog  to  Digital  Converter 

14.  Signal  Recorder,  Magnetic  Tape  Unit 

15.  Auxiliary  Power  Unit,  Prime  Power  Source 

16.  Power  Distribution  Panel 

17.  Power  Supply  Complement 

18.  Diffuse  Viewing  Screen 
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CONSOLES 


Equipment  Location  In  PBY-5A 


20-6/16  OVERALL  WIDTH 


DEPTH  OF 
FRAME -17-1/8" 


Figure  6.  A/C  System  Console  1 
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Figure  7.  A/C  System  Console 
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SYSTEM  DESCRIPTION 

A simplified  diagram  showing  signal  flow  from  optical  input  to 
digital  output  recorded  on  magnetic  tape  was  previously  cited  as 
Figure  2.  A more  detailed  diagram  is  shown  in  Figure  8. 

Laser  optical  radiation  passes  through  the  entrance  window  of  the 
sensor  assembly,  is  reflected  by  the  roll  mirror,  collected  by  the  6-inch 
objective  lens  and  imaged  In  its  focal  plane  on  the  quadrant  photodiode. 
Some  spectral  prefiltering  is  effected  by  the  beaiflspl i tting  dichroic 
mirror.  Spectral  pass  band  filtering  at  5200+50  A is  done  by  the  spectral 
filter  mounted  In  front  of  the  quadrant  detector;  Figure  9 shows  the 
resultant  filter.  The  visual  field  of  view  (approx. ' 15°)  is  Imaged  on 
the  5- 1 n ch  diameter  diffuse  viewing  screen;  the  center  1 inch  of  the 
viewing  screen  is  minus  green  in  spectral  content  due  to  the  color 
separation  function  of  the  dichroic  mirror. 

The  synchronizing  signal  receiver  shown  in  Figure  8 receives  an  FM 
carrier  frequency  at  227.7  MHz  transmitted  from  the  laser  control  elec- 
tronics. This  227.7  MHz  carrier  is  modulated  at  a 20  Hz  rate  by  the  laser 
trigger  pulse.  After  demodulation  by  the  synch  receiver  and  sharpening 
by  a pulse  shaping  circuit  the  synch  pulse  is  utilized  to  enable  the 
"hold"  function  of  the  peak  and  hold  circuitry  (see  Figure  10).  Also 
shown  in  Figure  10  are  the  time  relationships  between  the  20  Hz  clock 
source  (at  the  laser  control  console),  the  laser  pulse  and  the  record 
command  "sync  to  recorder"  which  enables  the  record  function  at  the 
required  20  Hz  rate. 

During  track  the  laser  optical  signal  is  equally  distributed  on  the 
four  detector  quadrants.  Each  quadrant's  output  Is  amplified  and  buffered 
by  a trans Impedance  amplifier  (Item  7,  Figure  2)  and  applied  to  a peak 
and  hold  amplifier  (P+H)  as  shown  in  Figure  8.  The  outputs  of  the  four 
P&H  units  are  summed  and  connected  to  a multiplexer,  then  to  an  analog  to 
digital  converter,  and  then  finally  to  the  magnetic  tape  digital  recorder 
for  storage.  The  summer  output  is  also  displayed  on  a panel  meter  indi- 
cator. If  the  summed  signal  exceeds  the  10  V full  scale  of  the  meter  (and 
of  the  PEC  recorder),  the  operator  must  reduce  amplifier  gains  by  adjusting 
the  gain  switch  on  the  manual  gain  control  unit  (MGC). 

The  Datatron  clock  shown  in  Figure  8 provides  time  of  day  Information 
to  the  recorder  to  be  stored  on  command  at  the  20  Hz  rate.  This  data  is 
shown  in  the  left  column  set  of  Figure  11,  a typical  section  of  the  mag- 
netic tape  data  record  printout.  Table  2 provides  a legend  for  the  data 
printout  format. 

The  tracking  capability  of  the  Aircraft  Receiver  System  is  effected 
by  moving  the  roll  mirror  such  that  the  source  image  is  positioned 
symmetrically  on  the  quadrant  detector  and  held  there  as  long  as  the 
source  Is  within  the  data  field  of  view.  The  outputs  of  opposite  quad- 
rants of  the  detector,  at  the  peak  and  hold  outputs  are  applied  to  a 
difference  amplifier  (see  Figure  12).  An  imbalance  generates  an  error 
signal  which  is  amplified  and  applied  to  one  of  the  servo  motors  to  drive 
the  error  signal  to  zero.  Both  the  pitch  and  roll  axes  are  controlled  in 
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Figure  8.  A/C  Receiver  System 
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Figure  11.  A/C  System  Data  Format. 


Table  2. 


Legend:  Magnetic  Tape  Output  Format 

COLUMNS  1 ->  11  Time  in  hours,  minutes,  seconds  and .hundredths  of 
seconds’. 

SWITCHES  12  •»  6 Binary  pass  number  manually  set  by  operator.  Least 
significant  bit  in  12  column,  most  significant  bit  in  6 column. 

SWITCH  5 A zero  in  this  column  indicates  an  attenuating  filter  in 
the  detector  optics  of  N.D.  * 2 (1%  transmission)  a true  (1)  indicates 
no  filter. 

SWITCH  4 A zero  In  this  column  indicates  an  attenuating  filter  in 
the  detector  optics  of  N.D.  = 1 (10%  transmission)  a true  (1)  Indicates 
no  filter. 

SWITCH  3 When  this  entry  is  0 the  system  is  in  the  operate  mode.  A 
true  or  1 In  this  column  Indicates  Internal  calibration  of  the  system. 

SWITCH  2 If  the  receiver  is  operating  within  its  dynamic  range  this 
column  will  be  true,  show  a 1. 

SWITCH  1 When  the  sum  signal  (see  below)  is  sufficient  to  sustain 
automatic  tracking,  this  column  Indicates  a 0 digit.  During  low  signal 
conditions  this  bit  goes  true  Indicating  that  the  receiver  cannot  be 
tracking. 

CH  1 The  numerical  entry  in  CH  1 is  proportional  to  the  summation 
of  the  optical  signal  on  iach  of  the  four  quadrants.  The  correspondence 
of  this  numerical  value  to  the  signal  strength  meter  reading  on  the  control 
panel  is  0 to  -9.999  Is  0 to  99.99  meter  deflection  where  a inete,  deflec- 
tion of  100  is  full  scale. 

CH  2 Entries  in  this  column  will  assume  one  of  three  nominal  values, 
+5,  0,  of  -5.  A -5  indicates  that  the  receiver  sensitivity  is  on  range  1, 
the  most  sensitive  scale.  A value  near  0 Indicates  the  receiver  sensi- 
tivity is  on  range  2.  The  least  sensitive  position,  +5,  was  not  used. 

CH  3 Indicates  a voltage  proportional  to  the  pitch  angle  of  the 
receiver.  A zero  reading  indicates  that  the  receiver  pitch  axis  was 
oriented  vertically  downward.  Positive  entries  indicate  the  pitch  axis 
of  the  receiver  was  pointed  forward  along  the  aircraft  flight  path,  while 
negative  entries  Indicate  an  aft  orientation. 

CH.  4 Indicates  a voltage  proportional  to  the  receiver  roll  angle.  A 
zero  reading  is  obtained  when  the  receiver  roll  axis  is  oriented  nominally 
vertically  downward.  Positive  entries  indicate  the  receiver  roll  axis 
deflected  toward  the  port  side  of  the  aircraft  while  negative  entries 
indicate  a starboard  deflection. 

CH  5 and  CH  6 not  used. 
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this  manner.  The  roll  axis  correction  is  done  by  driving  the  roll 
mirror  directly.  The  pitch  axis  correction  is  effected  by  turning  the 
entire  sensor  assembly  housing  on  its  support  ball  bearings.  As  indi- 
cated in  Figure  12  the  spot  Imaged  on  the  quadrant  detector  is  de- 
focused,  that  is,  the  plane  of  the  quadrant  detector  was  positioned 
somewhat  beyond  the  focal  point  of  the  objective  lens.  This  was  inten- 
tionally done  to  optimize  the  response  of  the  tracking  system  and  to 
reduce  the  maximum  power  density  at  the  photodector. 

SYSTEM  SPECIFICATIONS 

The  following  tabulation  describes  the  operational  characteristics 
of  the  Aircraft  Receiver  System: 

Sensor  Assembly 

Sensitivity  (10%  of  full  scale) 

F/# 


Lens  Diameter 
Spectral  Bandpass 
Data  FOV 
Visual  FOV 

Allowable  Roll  Angle 
Allowable  Pitch  Angle 

Detector- Preamp! 1 f 1 er 

Detector 
Preamplifier 
Combination  Bandwidth 

Tracking  System 

Deadband 

Roll  Rate  Correction 

Pitch  Rate  Correction 

Joy  Stick  Slew  Rate  (both  axes) 


4.7xl0’9  W CM"2 
3 

gn 

5240±38  A 
1.4°  (25  mr) 

15° 

±22.5° 

±90° 


EG&G  SGD-444-4 

Optical  Electronics  Inc.  9730 
D.C.  to  2.5  MHz 


< ±.14° 

> 5°  Sec 

> 5°  Sec-1 


(J.5  mr) 


> 15°  Sec 


-1 


CALIBRATION 


The  aircraft  receiver  produces  a voltage  at  its  output  in  response 
to  the  received  optical  power  density.  The  determination  of  this  response 
in  absolute  irradiance  units  is  the  purpose  of  this  calibration. 

The  approach  taken  is  to  first  establish  a single  absolute  irradiance 
response  value.  Next,  a curve  is  plotted  depicting  the  receiver's 
response  at  the  maximum  gain  setting.  The  absolute  irradiance  value  then 
becomes  a point  on  this  calibration  chart  relating  all  the  remaining 
points  in  absolute  terms. 

The  aircraft  receiver  and  the  field  experiment  dye  laser  form  a 
source-detector  pair  in  the  field,  hence  the  dye  laser  is  a natural 
choice  for  the  optical  calibration  source.  As  shown  in  fig  13,  the  laser 
beam  is  Injected  Into  an  integrating  sphere  transforming  the  beam  into  a 
Lambertian  source  which  at  a "large"  distance  approaches  a point  source. 
The  minimum  distance  required  for  this  condition  to  be  satisfied  to  an 
accuracy  of  1%  is  one  hundred  times  ( 100X ) the  radius  of  the  sphere's 
exit  aperture,  or  6.25  feet. 

To  establish  an  absolute  irradiance  response  value  it  is  necessary 
to  fix  a value  of  incident  Irradiance  at  the  receiver  (Hd).  However, 
direct  measurement  with  available  laboratory  equipment  (EG&G  480  spec- 
troradiometer)  is  not  possible  in  most  cases  due  to  insufficient  sensi- 
tivity of  the  spectroradiometer.  Since  the  calibration  source  has  been 
configured  to  provide  a point  source,  the  emerging  power  density  (H) 


obeys  an  Inverse  square  law.  Thus,  we  may  measure  irradiance  directly 
at  a point  closer  to  the  source  (Hr)  where  values  exist  within  the 
spectroradiometer's  range.  The  inverse  square  law  is  then  used  to  compute 
incident  irradiance  at  the  receiver  (fig  13). 

Having  thus  found  a value  for  Hr,  the  resulting  voltage  at  the  out- 
put of  the  receiver  is  plotted.  The  remainder  of  the  response  data  is 
obtained  by  attenuating  the  Incident  irradiance  in  known  increments  with 
neutral  density  filters. 

ABSOLUTE  IRRADIANCE 

Referring  again  to  fig  11,  the  EG&G  480  was  located  9.77  feet  from 
the  integrating  sphere  while  the  aircraft  receiver  was  located  98  feet 
from  the  sphere.  The  calibration  was  conducted  In  a long  windowless 
hallway  and  the  apparatus  baffled  to  control  extraneous  light. 

During  the  course  of  the  calibration,  periodic  measurements  of  the 
source's  flux  density  were  taken  with  no  detectable  variation  indicating 
the  pulse-to-pulse  variation  In  the  laser  did  not  exceed  the  10%  absolute 
accuracy  of  the  spectroradiometer.  The  measured  value  of  the  Irradiance 
at  the  monitor  (Hr)  was  2.42x10"^  W-cm"2.  This  yields  an  irradiance  at 
the  receiver  (HR)  of 

2.42xl0'4  W-cnf2  [fg^]2  - 2.4xl0“6  W-cm"2 

The  error  Inherent  in  this  measurement  arises  primarily  from  pulse- 
to-pulse  variation  In  the  laser  and  the  accuracy  of  the  EG&G  480.  Both 
are  specified  at  ±10%.  A third  component  of  this  error  budget  is  intro- 
duced in  the  output  voltage  measurement.  This  is  oscilloscope  reading 
error  generally  accepted  at  ±5%.  The  fourth  component  of  error  arises 
from  the  transmittance  accuracy  of  the  neutral  density  attenuator  (+5%). 
Taking  the  rms  value  of  these  four  error  contributions  yields  an  overall 
accuracy  of 

% accuracy  = [( 10)2  + (10)2  + (5)2  + (5)2]}*  = ±16%  . 


Data  was  taken  with  the  receiver  in  the  Hi  Gain  position  (Range  1) 
and  the  1.0%  (Density  2.0)  transmission  Attenuator  filter  In.  the  optical 
path.  The  measurement  was  repeated  twice  with  the  following  results: 


Measurement 

Irrad.  at 
Receiver 

Receiver 

Output 

Meter 

Reading 

Noi  se 

1 

2.4x10" 6W-cm~2 

4.8  volts 

48 

4 

2 

2.4xl0"6 

4.8  volts 

48 

4 

The  noise  reading  of  4 was  observed  with  the  receiver's  objective 
lens  occluded.  From  previous  successful  attempts  to  minimize  this  noise 
it  was  found  to  be  due  primarily  to  electrical  coupling  between  cabling 
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and  circuit  components.  Insertion  of  extra  shielding  and  some  cable 
rerouting  was  done  In  the  time  available.  This  reduced  the  noise  but 
did  not  entirely  eliminate  Its  effects. 

Interpreting  the  noise  reading  as  a 4 % of  full  scale  uncertainty, 
the  value  for  full  scale  sensitivity  for  range  1 is  found  to  be 

F.S.  = — 4xlQ  6*-q-°'  2x1-°2  = 5xlO"8WCm"2 
with  an  accuracy  of  ±(16+4)  = ±20%. 

Fig  14  shows  the  calibration  characteristic. 

Similarly  for  range  2 the  following  was  measured: 


Measurement 

Irrad.  at 
Receiver 

Receiver 

Output 

Meter 

Reading 

Noise 

1 

2.4xlO"6WCnf  2 

4.2  volts 

42 

4 

2 

2.4xlO"6WCm"2 

4.2  volts 

42 

4 

3 

2.4xlO“6WCnf  2 

3.9  volts 

39 

3.5 

Then  for  range  2 

F.S.  = 2~4~Xif~~Q'~  a 5.8xlO“6WCm'2 
with  an  accuracy  of  ±(15  + 4)  = ±19%, 

Figure  15  shows  the  c . iDratlon  characteristic. 
PITCH  AND  ROLL  CALIBRATION: 


In  both  the  pitch  and  roll  axes  a precision  potentiometer  was  coupled 
to  the  respective  axis  and  an  output  voltage  proportional  to  angle  was 
recorded  on  the  magnetic  tape  at  a 20  Hz  rate.  The  pitch  pot  is  a 
Beckman  SA  3845  unit,  10  turns,  with  a ±0.25%  linearity;  its  resistance 
is  1.0  K ohm.  The  measured  voltage  at  0°  was  less  than  the  least  count 
of  the  recording  system,  5xlO“'3V.  The  roll  pot  is  a PIC  DA-43  unit  of 
+1.0%  linearity  and  a resistance  of  2.0  K ohms.  Measured  voltage  at  0° 
was  less  than  5xlO-3V. 


The  voltages  applied  to  both  pot  circuits  are  regulated  to  ±0.25%, 
hence  the  accuracy  of  the  pitch  and  roll  voltage  to  the  A/C  System 
recorder  Is  better  than  ±1.25%.  Figure  16  shows  the  pitch  pot  calibra- 
tion, figure  17  the  roll  pot  calibration. 


CH  1 TAPE  OUTPUT 


Figure  14.  A/C  Receiver  Sensitivity  Range  1 (no  optical  attenuation). 


Figure  15.  A/C  Receiver  Sensitivity  Range  2 (no  optical  attenuation). 
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METER  READING 


PITCH  ANGLE  (AFT.)  (deg,) 


PITCH  ANGLE  (FORWARD)  (deg.) 


Figure  16.  Pitch  Calibration. 


-10  -6  's'''' 

+2  +6  +10 

ROLL  ANGLE.  (PORT)  (dog.) 

ROLL  ANGLE  ISTARBOARD)  (deg.) 

-.BO 

— 

-1.00 

— 

Figure  17. 

Roll 

Calibration. 

SECTION  4 
F(0)  RECEIVER 


INTRODUCTION 

A multiple  scattering  medium,  such  as  ocean  water,  is  characterized  by  the  volume 
scattering  function  F(0)  defined  as  the  secondary  radiation  pattern  created  by  a plane  wave 
traversing  a volume  sufficiently  small  that  only  single  scattering  occurs.  The  validity  of  the 
link  models,  ref  (1),  rests  on  the  scattering  model  assumed  which  relates  the  radiance  in  the 
field  of  a submerged  light  source  as  a function  of  range  to  the  light  source,  distance  off  axis, 
water  scattering  properties  and  other  optical  parameters  of  the  medium  and  the  source  itself. 
The  need  for  quantitative  information  concerning  F(t?)  and  the  underlying  assumption  in  the 
model  provided  the  design  impetus  for  this  instrument,  named  for  the  relation  it  measures, 
The  F(0)  receiver  is  an  underwater  synchronous,  optical  pulse  amplitude  reading, 
radiometer,  It  is  positioned  relative  to  the  optical  axis  of  a pulsed  dye  laser,  either  on  axis 
or  at  some  angle  relative  to  that  axis  and  measures  that  component  of  the  initially  collimated 
laser  output  that  is  scattered  into  the  receiver’s  field  of  view. 

Some  of  the  equipment’s  features  and  specifications  are  shown  in  table  1. 

Ref  (1)  Karp,  S.,  "Optical  Communications  Between  Underwater  and  Above  Surface  (Satellite)  Terminals,” 
IEEE  Trans  on  Comm,  COM-24, 66-81  (1976) 

TABLE  1 


Aperture 
Field  of  view 

Minimum  detectable  signal 

Muximum  detectable  signal 

(attenuator  in  optical  path) 

Optical  bandwidth 

Detector 

Detector  electrical  bandwidth 
Output 


3"  diumetor,  f/1 .3 
46  milliradians  (in  water) 

3,5  X 10-10  w/cm2 
7 X 1CT3  w/cm2 

100  A centered  at  5240  A 

RCA  PF1023  2"  diameter,  10  stage 
photomultiplier 

■ 0 MHz 

0-10  V pulse  to  oscilloscope 
0-10  Vdc  time  uveraged  peak  value  to 


SYSTEM  DESCRIPTION 


The  F(0)  receiver  shown  in  figure  1 is  composed  of  two  major  subsystems,  the  sensor 
assembly  and  the  receiver-control  panel.  They  are  connected  by  150  feet  of  multiconduetor 
underwater  cable.  Since  both  of  these  subsystems  are  discussed  in  detail  later  in  this  report, 
the  focus  here  is  on  their  functions  as  a unit. 

Signal  flow  and  nityor  components  arc  shown  in  the  block  diagram  in  figure  2. 

Incident  light  pulses  of  75  jisec  width  from  the  experimental  dye  laser  pass  through  a spectral 
filter  at  a rate  of  20  per  second  and  are  brought  to  a focus  on  the  faceplate  of  a photomulti- 
plier by  a f/1.3, 3-inch-diameter  objective  lens,  A neutrul  density  Filter  is  normally  in  the 
optical  path  immediately  preceding  the  photomultiplier  to  prevent  tube  damage  and  to  pro- 
vide over-range  protection.  This  filter,  which  has  a transmission  of  0.1%  (density  3),  may  be 
switched  out  of  the  optical  path  remotely  via  the  filter  position  control  unit  located  on  the 
receiver-control  panel. 

From  the  photomultiplier,  the  output  pulse  passes  through  a line  driver  that  feeds  the 
shielded  coaxial  cable  connecting  the  sensor  assembly  and  the  receiver  control  panel.  From 
out  of  the  cable,  the  pulse  is  amplified  and  supplied  to  an  oscilloscope  for  direct  measurement 
of  the  instantaneous  pulse  amplitude. 

The  same  signal  available  to  the  scope  is  routed  to  the  sample-and-hold  circuit  which 
outputs  a DC  voltage  proportional  to  the  instantaneous  peak  value  of  the  input.  Following  the 
sample-and-hold,  a statistical  averaging  circuit  smooths  the  pulse-to-pulse  fluctuations  for 
monitoring  by  a digital  voltmeter. 

To  enhance  the  signa'-to-noise  ratio,  a clock  pulse  la  initiated  in  the  laser  circuitry 
whose  leading  edge  is  synchronized  with  the  transmission  of  the  dye  luser  pulse.  The  receiver 
is  thus  informed  as  to  the  location  of  a possible  pulse  prior  to  its  arrival.  Thus,  with  the  proper 
delay,  the  receiver  may  be  switched  into  the  sample  mode  in  time  to  receive  u signal  which  is 
optimum  relative  to  the  u.ubient  noise.  The  clock  output  is  also  used  as  a scope  sync  for  view- 
ing the  output  of  the  video  amp. 

SENSOR  ASSEMBLY 

As  mentioned  in  the  previous  section,  the  F(0)  receiver  consists  of  two  major  subassem- 
blies, the  sensor  and  the  receiver-control.  The  sensor  assembly  is,  itself,  divided  into  the  sensor 
head  ami  positioning  carriage  subassemblies, 

POSITIONING  CARRIAGE  SUBASSEMBLY  (PCS) 

This  device  shown  in  figure  3 supports  the  sensor  head  underwater  and  allows  it  to  be 
positioned  relative  to  the  vertically  directed  beam  of  the  submerged  dye  laser.  The  carriage  is 
u 3 foot  long  section  of  7 inch  steel  channel  to  which  nylon  rollers  are  attached  via  stainless 
steel  shafts.  The  track  upon  which  the  carriage  rides  is  a (>0  foot  length  of  6X6  inches  wide 
flange  steel  H beam.  One  end  of  the  beam  is  located  directly  over  the  laser  so  the  receiver  may 
be  positioned  directly  on  axis  or  up  to  60  feet  off  axis. 

The  sensor  head  is  suspended  beneath  the  track  underwater  and  can  be  rotated  ±80° 
from  the  vertical  in  5°  increments.  A large  protractor  is  fastened  to  the  carriage  in  order  to 
indicate  the  sensor’s  pointing  angle  and  to  provide  a convenient  clamping  mechanism  to  secure 
the  sensor  once  it  is  pointed. 

Figure  4 shows  the  PCS  installation. 
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SENSOR  HEAD  SUBASSEMBLY  (SHS) 


The  SHS,  shown  removed  from  its  waterproof  canister  in  figure  5,  consists  of  the 
collection  optics,  the  photomultiplier  assembly,  a remote  control  filter  actuator,  and  a 
reference  light  source  for  system  self-check  and  adjustment. 

Light  incident  on  the  SHS  passes  through  the  canister  faceplate  and  strikes,  in  turn, 
a narrowband  (100  A)  interference  filter,  a 3-lnch-diameter,  f/1.3  objective  lens,  a removable 
N.D.  filter,  a field  stop,  and  the  photomultiplier.  The  photomultiplier  is  part  of  an  integrated 
photodetection  unit  (RCA  PF  1023)  which  contains  a 10-stage  photomultiplier  tube,  high 
voltage  power  supply,  and  output  pulse  amplifier  in  a single,  ruggedized,  sealed  package.  The 
tube’s  gain  is  varied  by  an  external  potentiometer  and  the  required  input  power  is  ±1 2 Vdc, 
thus  removing  the  need  to  supply  high  voltage  through  a considerable  length  of  cable  under- 
water. The  photocathode  Is  an  ERMA  II  which  has  a peak  response  at  5000  A. 

Insertion  or  removal  of  the  neutral  density  filter  (attenuator)  from  the  optical  path  is 
accomplished  by  rotating  the  filter  holder  as  shown  in  figure  6.  Space  requirements  precluded 
the  conventional  motor-driven  filter  wheel  normally  used  for  this  purpose.  Instead,  a linear 
actuator  of  the  type  used  in  radio-control  model  airplanes  was  adapted  to  position  the  filter. 

A 5-volt  pulse  initiated  by  the  operator  at  the  control  panel  drives  the  actuator  to  either 
extreme.  Limit  switches  at  the  position  extremes  light  LED  position  indicators  on  the  control 
panel  so  that  the  filter  status  (i.e.,  in  or  out)  is  available  to  the  operator. 

Also  located  in  the  SHS  is  the  reference  source,  un  LED  which  is  activated  and  pulsed 
from  the  control  panel.  This  feature  permits  a known  amount  of  pulsed  radiation  to  be 
received  by  the  instrument  for  checking  system  gain  and  verifying  general  system  performance 
when  the  sensor  is  underwater  or  otherwise  inaccessible. 

Construction  of  the  SHS  is  simple  and  rugged,  consisting  of  four  Micarda  discs,  fastened 
together  with  three  1/4-20  threaded  rods.  This  assembly  is  press  fit  into  a cast  aluminum  under- 
water strobe  canister  which  is  penetrated  by  a packing  gland  for  passage  of  the  multiconductor 
interconnection  cable.  The  cable  contains  ten  No.  22  AWG  conductors  and  two  75  ohm 
shielded  coax  for  signal.  The  entire  assembly  is  20  inches  long,  9-1/2  inches  in  diameter  and 
weighs  approximately  35  pounds. 

RECEIVER-CONTROL  PANEL 

This  unit  contains  the  synchronous  receiver  circuits,  the  instrument  control  electronics 
and  system  power  supplies,  All  routine  commands  to  the  sensor  assembly  originate  here,  as 
well  as  the  monitoring  of  all  phases  of  the  F(0)  experiment  operation. 

SYNC  RECEIVER 

Operation  of  the  synchronous  receiver  is  initiated  by  u signal  generated  in  the  dye  laser 
control  electronics,  indicating  the  laser  is  about  to  be  fired.  This  signal  triggers  a monostuble 
multivibrator  whose  time  constant  is  approximately  5 microseconds.  This  delay  pulse  allows 
the  laser  pulse  to  be  sensed  by  the  photomultiplier,  sent  up  the  cable,  and  amplified  by  the 
video  pulse  amplifier  before  the  receiver  is  gated  on.  The  trailing  edge  of  the  delay  pulse  fires 
u second  monostable  which  generates  un  1 1 microsecond  “sample”  pulse.  This  pulse  switches 
a ,01-rnfd  capacitor  into  the  output  of  un  operational  amplifier  driven  by  the  peak  value  of 
the  received  laser  pulse.  The  capacitor-op  amp  combination  is  in  the  sample-und-hold  circuit 
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whose  output  is  switched  to  the  integration  amplifier  by  the  trailing  edge  of  the  sample 
pulse,  The  integration  amp  has  a long  time  constant  (S  seconds),  enabling  the  average  of 
approximately  1 00  laser  pulse  peaks  to  drive  a meter  movement  on  the  panel  or  a digital 
voltmeter. 

CONTROL  FUNCTIONS 

The  functions  controlled  by  the  Receiver-Control  Panel  include  photomultiplier  gain 
and  input  power,  attenuator  filter  position  and  the  calibration  LED. 

The  photomultiplier  is  powered  by  positive  and  negative  12  volts.  According  to  RCA, 
these  voltages  must  be  applied  simultaneously  or  possible  damage  to  the  unit  may  occur. 
Accordingly,  a voltage  sensor/protection  circuit  employing  an  “and”  gate  and  a capacitive 
delay  assures  that  both  voltages  are  present  for  at  least  3 seconds  before  application  to  the 
photomultiplier  via  relay.  If  either  supply  fails,  the  output  of  the  "and”  gate  will  be  insuffi- 
cient to  keep  the  relay  energized  and  power  will  be  removed  from  the  detector. 

A feature  of  the  photomultiplier  assembly  is  its  remote  gain  programming  capability. 

A lead  is  brought  out  of  the  assembly  and  connected  to  ground  through  a resistor  in  the  range 
0 to  10K  with  the  gain  inversely  proportional  to  the  resistance,  In  the  receiver-control  panel 
this  lead  is  connected  to  one  of  three  (lo,  med,  hi)  resistors  via  the  GAIN  SELECT  switch. 

As  indicated  in  the  description  of  the  sensor  assembly,  the  filter  position  assembly  is 
controlled  from  the  filter  position  control  unit  in  the  receiver  control  panel.  The  control  unit 
supplies  power  (4.4  Vdc)  to  the  filter  actuator  as  well  as  a 5-volt,  2-millisecond  pulse  that  drives 
the  actuator  from  one  extreme  to  the  other.  Also  included  in  the  filter  position  control  unit 
are  the  status  indicators  that  inform  the  operator  whether  the  filter  Is  in  or  out  of  the  optical 
path.  These  indicators  are  LEDs  connected  to  micro  switches  located  ut  the  extremes  of  the 
filter  holder’s  travel. 

The  final  control  function  performed  at  the  receiver-control  panel  is  the  operation  of 
the  internal  calibration  and  self-check  LED  located  in  the  sensor  head.  By  switching  into  the 
calibrate  mode,  power  (+5  Vdc)  is  applied  to  the  LED  driver  circuit  and  to  the  “clock  select” 
relay  (+15  Vdc).  The  LED  driver  consists  of  free-running  oscillator  operating  at  3 KHz,  a 
monostable  multivibrator  and  several  voltage  followers.  The  oscillator  sets  the  pulso  repeti- 
tion rute  and  provides  the  sync  for  the  receiver  through  the  “clock  select”  relay.  Pulse  width 
is  determined  by  the  monostable  multivibrator  and  is  set  at  1 microsecond  to  simulate  the 
laser  pulse.  To  further  enhance  the  simulation  of  the  laser  pulse,  the  monostable  cutout  is 
routed  to  a voltage  follower  which  provides  a gaussiun  pulse  shape  ut  its  output.  This  pulse 
becomes  the  driver  for  the  calibration  LED  whose  output  is  detected  by  the  photomultiplier 
und  fed  back  into  the  receiver  for  operator  monitoring. 
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CALIBRATION 

The  F(0)  receiver  produces  a voltuge  ut  its  output  in  response  to  the  received  optical 
power  density  which  in  turn  can  be  related  to  source  radiance.  The  determination  of  this 
response  in  absolute  radiance  and  irradianee  units  is  the  purpose  of  this  calibration. 

The  approach  taken  in  this  work  is  to  first  establish  a single  absolute  irradianee 
response  value.  Next,  a family  of  curves  is  plotted  depicting  the  receiver’s  response  at  all  gain 
settings.  The  absolute  irradianee  value  then  becomes  a point  on  this  calibration  chart  relating 
all  the  remaining  points  in  absolute  terms.  Finally,  from  data  developed  in  the  calibration  the 
absolute  radiance  is  calculated  and  entered  on  the  calibration  chart. 
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Since  the  F(0)  receiver  and  the  field  experiment  dye  laser  form  a source-detector 
pair  in  the  Field,  the  dye  laser  is  a natural  choice  for  the  optical  calibration  source.  As  shown 
in  figure  7,  the  laser  beam  is  injected  into  an  integrating  sphere  transforming  the  beam  into  a 
Lambertian  source  which  at  a “large”  distance  approaches  a point  source.  The  minimum 
distance  required  for  this  condition  to  be  satisfied  is  taken  to  be  one  hundred  times  (100X) 
the  radius  of  the  integrating  aperture,  or  6-1  /4  feet. 

To  establish  an  absolute  irradiance  response  value  it  is  necessary  to  fix  a value  of 
incident  irradiance  at  the  receiver  (Hr).  However,  direct  measurement  with  available 
laboratory  equipment  (EG&G  480  spectroradiometer)  is  not  possible  in  most  cases  due  to 
insufficient  sensitivity  of  the  spectroradiometer.  Since  the  calibration  source  has  been  con- 
figured to  provide  a point  source,  the  emerging  power  density  (H)  obeys  an  inverse  square  law. 
Thus,  we  may  measure  irradiance  directly  at  a point  closer  to  the  source  (Hr)  where  values 
exist  within  the  spectroradiometer's  range.  The  inverse  square  fall-off  is  then  exploited  to 
compute  incident  irradiance  at  the  receiver. 

Having  thus  found  a value  for  Hr,  the  resulting  voltage  at  the  output  of  the  receiver  is 
plotted.  The  remainder  of  the  response  data  is  obtained  by  attenuating  the  incident  irradiance 
in  known  increments  with  neutral  density  filters.  This  procedure  is  repeated  for  each  gain 
setting. 

Assuming  a point  source,  the  radiation  of  that  source  can  be  computed  by  dividing  the 
irradiance  received  by  the  acceptance  solid  angle  of  the  receiver.  The  computation  of  this 
scale  on  the  calibration  chart,  figures  8a  and  8b,  completes  the  calibration. 


ABSOLUTE  IRRADIANCE 


Referring  again  to  figure  7,  the  EG&G  480  was  located  9.77  feet  from  the  sphere.  The 
calibration  was  conducted  in  a long  windowless  hallway  and  the  apparatus  baffled  to  control 
extraneous  light. 

During  the  course  of  the  calibration,  periodic  measurements  of  the  source’s  flux 
density  were  taken  with  no  detectable  variation  indicating  the  pulse-to-pulse  variation  in  the 
laser  did  not  exceed  the  1 0%  absolute  accuracy  of  the  spectroradiometer.  The  measured  value 
of  the  irradiance  at  the  receiver  (Hr)  was 


2.42  X 10~4  W-cnT2 


2 


= 2.4  X 10“6W-cm“2 


(1) 


The  uncertainty  Inherent  in  this  measurement  urises  primarily  from  pulse-to-pulse 
variation  in  the  laser  and  the  accuracy  of  the  EG&G  480.  Both  are  specified  at  ±10%.  The 
third  component  of  this  error  budget  is  introduced  in  the  output  voltage  measurement.  This 
is  the  uncertainty  in  reading  the  oscilloscope,  generally  accepted  at  ±5%.  Taking  the  rms  value 
of  these  three  contributions  yields  an  overall  uncertainty  of 

£(10)2  + (10)2  + (5)2]1/2=  ±15% 
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F(0)  RECEIVER 
CALIBRATION  CHART 

ATTENUATOR 
FILTER  QUI 

MED  GAIN 
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INCIDENT  IRRADIANCE  (w-cm'2) 

Figure  8U.  F(0)  receiver  calibration  chart. 
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Data  was  taken  with  the  receiver  in  the  Lo  Gain  position  and  the  0. 1%  (Density  5.0)  I J 

transmission  Attenuator  filter  out  of  Jie  optical  path.  The  measurement  was  repeated  twice 
with  the  following  results: 

Irrad.  at  receiver receiver  output accuracy 

2.4  X 1 0"6  W-cnr2  4 volts  ± 1 S% 

RECEIVER  RESPONSE 

The  dynamic  response  of  the  F(0)  receiver  was  investigated  by  allowing  successively 
weaker  irradiance  values  to  illuminate  the  receiver  and  charting  the  resulting  output  voltages. 

Data  was  taken  on  several  gain  settings  for  the  same  irradiance  wherever  possible. 

The  Irradiance  was  controlled  by  inserting  neutral  density  (attenuating)  filters  in  the 
optical  path  near  the  source.  The  data  was  normalized  to  a receiver  output  of  4 volts  and 
displayed  in  table  2. 

TABLE  2.  F(0)  RECEIVER  DYNAMIC  RESPONSE 


Filter 

Density 

Rel.  Irrad. 

Irrad. 

Lo  Gain 

Output  Voltage 
Mod  Gain 

Hi  Gain 

1.0 

2.4  X 10-6W-cm-2 

4 volts 

.3 

0.5 

1.2  X 10-6 

2.5 

1.0 

0.1 

2.4  X 10“7 

0.7 

4 

1.3 

5 X 10-2 

1.2  X 10-7 

0.4 

2 

2.0 

1 X 10-2 

2.4  X 10-8 

0.12 

0.6 

10 

2.3 

5 X 10-3 

1.2  X 10-8 

0.3 

4.4 

3.0 

1 X 10-3 

2.4  X 10-9 

0.74 

3.3 

5 X 10-4 

1.2  X 10-9 

0.4 

Density  3 Attenuator  filter  out 

When  the  density  3 Attenuator  noted  above  is  rotated  to  the  in  position,  all  irradiance 
va'uos  are  multtpled  by  103.  This  situation  is  shown  in  figures  9u  and  9b. 

FIELD  OF  VIEW 

The  F(0)  receiver  contains  a circular  field  stop  located  immediately  in  front  of  the 
multiplier  phototube  that  determines  the  field  of  view  of  the  instrument,  If  the  field  stop  has 
diameter  d and  the  receiver  a focal  length  f,  the  FOV  in  air  is  given  by 

FOV  - d/f  = .14/4.0  - .035  = 35  milliradians  (3) 
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In  water,  the  FOV  is  modified  by  the  water’s  index  of  refraction  or  1.33  the  value  of 
air.  Thus,  in  water  we  have 

F0V water  = 1 33  (35  mr)  = 46  mr  (4) 

In  both  cases,  the  FOV  is  circular. 
j ABSOLUTE  RADIANCE 

From  the  absolute  irradiance  data  determined  in  this  calibration  and  the  calculated 
FOV,  absolute  radiance  response  can  be  determined.  As  the  F(0)  receiver  was  used  to  map 
the  radiance  distribution  of  a submerged  source,  the  FOVwater  is  used. 

From  the  FOV  we  obtain  the  solid  acceptance  angle  as 

nwatera  -ffyj-=1-66X10~3  Sf  (5) 

Now  radiance  values  are  obtained  by  dividing  the  irradiance  data  by  fIWater  The 
results  are  shown  in  table  3,  figures  10a,  10b,  11a,  and  1 lb. 

TABLE  3 


irrad.  (W/cm2) 

fl(10“3sr) 

Attenuator  out 
rad.  (W-cm-2sr"*) 

Attenuator  in 
rad.  (W-cm-2sr- 

2.4 

X 

10“6 

1.4 

X 

10“3 

1.4 

1.2 

X 

10“6 

7.2 

X 

10"4 

.72 

2.4 

X 

10"7 

1.4 

X 

10-4 

.14 

1.2 

X 

10-7 

7.2 

X 

10_s 

7.2  X 

10~2 

2.4 

X 

10"8 

1.4 

X 

10-5 

1.4  X 

o 

1 

to 

1.2 

X 

10~8 

7.2 

X 

10"6 

7.2  X 

o 

1 

2.4 

X 

10-9 

1.4 

X 

10“6 

1.4  X 

m 

i 

o 

1.2 

X 

IQ"? 

7.2 

X 

10-7 

7.2  X 

10"4 

SPECTRAL  FILTER 

The  F(0)  receiver  is  equipped  with  u spectral  filter  to  reduce  background  rudiation.  It 
has  no  effect  on  the  calibration,  however,  since  its  bandwidth  is  larger  than  the  calibration 
source  and  all  measurements  are  referenced  to  a plane  in  front  of  the  filter,  i.e.,  incident 
radiation. 
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Figure  11B,  F(0)  receiver  underwater  radiance  calibration. 


SECTION  5 

AN  INSTRUMENT  FOR  THE  MEASUREMENT  OF  SPECTRAL  ATTENUATION 
COEFFICIENT  AND  NARROW  ANGLE  VOLUME  SCATTERING  FUNCTION  OF 

OCEAN  WATERS 


Abstract 


A new  inetrummt  hit  been  developed  for  the  study  of  thoie  optical  proportlea  of  ocean  water  that  affect  the  transmission  of 
lraaga-forming  light.  The  instrument  perform!  simultaneous  measurements  of  the  volume  attenuation  coefficient  and  the  volume 
acattering  function  at  three  anglea.  Any  of  ten  wavelength!  covering  the  apeotral  range  from  400  to  670  nanometera  may  be  uaed. 

A depth  capability  of  SOO  metere  permlta  the  examination  of  water  below  the  euphotio  aone  and  of  the  bottom  watore  on  the  conti- 
nental ehelf.  The  consideration!  leading  to  the  design  of  the  instrument,  lte  capabilities  and  the  unique  features  it  Incorporates 
are  discussed.  Some  examples  of  the  date  obtained  with  the  Instrument  are  presented. 

Introduction 

The  study  and  solution  of  visibility  and  Image  transmission  problems  requires  information  regarding  tho  optical  properties  of 
ocean  weter  for  various  geographical  area*  end  water  depths.  The  present  state  of  our  knowledge  of  thoie  proportlea  has  been  ss- 
verily  reetrloted  by  the  type  and  capeblllty  of  the  inatrumentatlon  that  has  been  evellable.  Visibility  and  Image  transmission  through 
wnter  is  affected  by  the  optical  processes  of  abaorptlon  and  scattering.  Therefore,  measurements  of  tho  modlum  ere  required  from 
which  the  significant  factors  of  the  ebiorption  and  scattering  properties  can  be  derived.  Generally,  both  vary  with  the  wavelength  of 
the  radiation  involved,  with  geographies!  location,  with  depth,  and  with  time,  It  la  essentia!,  therefore,  that  the  moaeuramenta  be 
obtained  rapidly  over  the  spectral  region  of  Interest  and  over  the  volume  of  water  of  concern  In  ordor  that  a complete  and  quaal- 
Inatantaneoua  assessment  of  these  properties  can  be  obtained. 

Recent  studies  of  near-surface  data  from  stable,  well-documented  water  confirm  that  a reasonably  precise  estimate  of  the  total 
acattering  coefficient,  a,  can  bo  obtained  If  tho  volume  acattering  function  ( VSF1) , o(0>,  la  known  at  a suitably  small  angle  from  the 
direction  of  propagation,  Aa  a result  of  this,  tho  absorption  coefficient,  a,  may  be  determined  from  a knowledge  of  the  volume  atten- 
uation coefficient,  a,  and  the  VHk'  MO)  since  a ..  a + a.  Thus  t single  inetrument  cspable  of  measuring  o and  »<0)  at  a number  of 
wevelengthe  in  rapid  auooeasion  would  satisfy  the  requirement  for  slmultanuous  spootral  data  on  tho  ebiorption  and  scattering  prop- 
erties of  ocean  watera  of  Interost,  Thu  validity  of  the  correlation  between  old)  and  a for  noar-bottom  water*,  whero  tho  acatter- 
ing material  may  differ  in  Important  roapouU  from  that  found  In  eurfaco  waters,  has  not  yot  boon  vorlfied.  Wo  expect  from  theoretical 
considerations  and  from  our  evaluation  of  the  nuturc  of  the  noar  bottom  scattering  material  that  a satisfactory  relationship  between 
old)  and  s will  bo  found  to  exlrt. 

On  this  promise,  the  Visibility  Laboratory  has  developed  an  Instrument  to  perform  the  simultaneous  measurement  of  tho  beam 
transmittance,  T,  (from  which  a may  bu  obtained)  and  tha  VSK  at  throe  small  angles,  This  Inatrumcnt  whim  usod  in  conjunction 
with  the  Visibility  Laboratory  general  angle  scatter  meter**  cupnble  of  measuring  the  VSK  from  10"  to  1 70"  oun  obtain  value*  of 
old)  ovor  n range  of  angles  large  enough  to  allow  the  computation  of  s directly  from  tho  relationship, 

a 2ir  f old)  M inf?  dd  , (!) 


If  tho  oxpooted  correlation  between  old)  and  s Is  found  in  bottom  wntnr  below  tho  oupliotlc  gono,  wo  may  proceed  with  confidence 
to  utilise  this  alnglu  Instrument.,  measuring  ALpha  and  volume  SCATtorlng  function  (bunco  the  acronym  AL3CAT),  for  tho  evaluation 
of  thoao  optical  proportion  of  iitmr- bottom  water  which  are  important  for  tho  assessment  of  the  operation  of  underwater  viewing 
systems. 


Design  Objective  und  Hpoolflcnt lon»_ 

This  suction  will  provide  a brief  description  of  the  Important  functional  Hpeclflcutlons  of  the  Instrument.  It  will  ulso  serve  as  an 
Introduction  to  tho  instrument  Hnd  some  of  the  concepts  used  In  Its  design.  Additional  background  and  details  will  bo  providod  In 
Inter  paragraphs. 

General  Description 

Tho  instrument  system  consists  of  four  components: 

1.  An  underwater  unit  measuring  beam  trnnsmlttnnco,  volume  scattering  function,  wnter  temperature,  nod  Instrument  depth. 

2.  A special  cable  with  strain  member  (two  lengths,  40U  foot  nnri  2000  feet,  the  latter  for  use  on  an  existing  winch), 

* The  work  described  was  performed  with  support  provided  by  tho  Dofonso  Advanced  Honoured  Projects  Agency  under  AltPA 
Order  2401. 

**  Developed  with  support  provided  by  the  Nuvul  Air  Development  Center  under  Contract  N(122BH-71-C-0tl78. 
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3.  A deck  unit  for  topsldo  digital  signnl  conditioning,  data  display,  and  functional  control  of  undorwator  unit. 

4.  A data  recording  unit  with  a 21-<  (ill  mr  digital  data  printer,  un  Incremental  magnetic  tapu  data  recorder  and  an  x,  y ,,  y, 
plotter,* 

Thu  maximum  dvaign  operating  depth  in  {V'O  .■'.»«  (1340  foot).  The  cable  strength  ,s  adoipinto  to  support  the  instrument  and 
2000  foot  of  cable  in  water  with  norma!  uccrlc.i  no  ■ -us. 

Vortical  profiles  of  transmittunco, volume  atbinua:*  n coefficient,  volnmo  scattering  ftinc'itu,  end  Water  tomporaturo  may  ho  ob- 
tained tit  a rate  of  about  30  meters  per  minute  or  14  ml  mo  > for  u 500-motor  profilo  (neglecting  win*  angle  effects),  Pastor  payout 
and  retrieval  may  bo  possible  depending  upon  the  gmi.lems  of  the  variables,  the  system  time  constants,  and  the  desired  accuracy. 

Optical  Measurements 

Ail  option  I measurements  nmy  bo  ittado  at  any  of  10  wavelengths  selectable  by  commund  from  Uio  surface,  The  wavolength  is  de- 
termined by  inturferenee  filters  having  half  power  bnndwidths  of  12.3  nanomoturs  or  less  and  nominal  centum  wavelengths  of  400, 

430,  430,  400,  S20,  S30,  580,  610,  340,  end  370  nanomutora. 

The  water  path  luiigth  may  bo  changed  from  1/2  motor  to  2 motors  in  1/2-mutur  increments  by  moans  of  spacurs  Installed  between 
the  projector  and  receiver. 

Clolllmatod  projactor  and  roculvor  optical  sysUmia  are  used.  The  projeotor  uses  a 15-wutt  tungstuu  lamp  gonerutlng  u beam  B.33 
millimeters  in  dtamotor  having  a dlvergenuo  of  0.0  mllllradians  (half  angle  in  wator).  The  lenses  in  the  projector  Had  receiver  are 
plano-convex  achromuts  specially  fabricated  for  this  instrument. 

A portion  of  the  flux  from  the  lump  is  carried  directly  to  the  ruceiver  by  a fiber  optic  light  pipe.  This  flux,  which  is  unaffected 
by  thu  characteristics  of  tho  wutar  path,  survus  ns  a continual  ruforenau  signal  to  unable  thu  systom  te  compensate  for  fluctuations 
in  the  lamp  output  untlAir  receiver  sensitivity, 

Tho  rucolver  acceptance  half  unglu  Is  1,5  mlllirudluns  in  water  for  thu  trunamittnneo  munaurumunt.  The  receiver  aperture  stop 
(l>r  transmittance  Is  20  millimeters  In  diameter.  Thu  ruceiver  fluid  of  viuw  and  npurturo  stop  dlnmuier  are  changed  for  th«  three 
volume  scattering  function  ( VS1<’)  mimsuronionts,  Thu  nominal  mousurement  anglos  lin  wator)  over  which  the  V8F  is  measured  are 
3,  6,  und  12  millirudlnnu,  Kor  path  lengths  1 muter  und  shorter  uli  throe  VSK  meusurements  cun  he  made.  With  a water  path  legend 
.of  1,5  or  2 meters,  only  tho  3 und  3 toll lirudlnn  measurements  curt  be  made  due  to  restrictions  created  by  thu  60  tnlllimeter  maximum 
rocolvor  aperture  diameter. 

Prcssure/Depth  Measurement 

Instrument  depth  Is  determined  by  u bonded  strain  gugo  pressure  transducer  having  a range  of  0 -750  psia  und  a tnrmlnal  linear- 
ity of  iU,16  percent  of  full  acitlu  output.  The  Imnsduoor  will  withstand  pressures  of  150  percent  of  full  scale  without  uffootlng  par 
formuncu  characteristics  and  in  excess  of  250  poroout  of  full  settle  before  bursting. 

Thu  transducer  output  is  amplified  to  obtain  a sunlu  fuetor  of  1 volt  pur  100  meters  ef  Instrument  depth  (l.u.,  5 volts  for  maximum 
depth  of  500  motors),  The  digital  (lulu  trununtlHsloii  link  Ins  n resolution  of  0,01  voUh,  corresponding  to  tin  effective  depth  resolu- 
tion of  1 meter.  The  transducer  linearity  limits  the  direct  loading  accuracy  to  ill.B  motors,  An  alternate  range  of  0 -200  motors  may 
be  Mulectmi  from  the  control  panel.  Tlila  selection  Incrcnsos  tho  gain  In  tho  undorwator  Instrument  by  a factor  of  1(1  with  u resultant 
depth  resolution  of  0.1  motors,  As  the  accuracy  In  this  case  Is  limited  by  thu  basic  transducer,  no  improvement  In  aliHalute  accuracy 
la  real  lied. 

Tomporaturo  Measurement 

Water  temperature  at  tiio  depth  of  Lho  Instrument  is  soused  by  u precision  plutluuni  resistance  thermometer.  Tho  sensor  resist- 
ance ohungoH  approximately  I.H  ohns  pur  degree  (.'els Ills  with  a repeatability  of  *(M);rc.  Tho  sensor  time  constant  in  agitated  water 
ia  1.8  seconds  or  loss. 

Thu  temperature  response  of  the  sensor  system  is  1 volt  per  10" C I on  tho  topside  lenipuriituro  display  and  recording,  The  rungd 
of  tuniperuturus  which  tho  sensor  system  cun  handle  exceeds  the  roitiilromonls  for  ocean  niuasurumohts,  The  time  constant  of  the 
thermometer  probe  requires  Hint  tho  rnto  of  In  strum  mil  lowering  or  retrieval  lie  reduced  for  those  portiuns  of  lho  wator  column  where 
there  Is  u murkod  thormoelliio  If  the  Tull  tomperutiiro  nociirney  is  to  be  ucliiovcd. 

Ibgltul  Data  und  Commund  TraliHinlssImi  System  (DIDACT.S) 

This  system  provides  for  the  transmission  of  digital  nddressos  mid  commands.  from  tho  surfacn  control  unit  to  the  vurlous  under- 
wutor  sensors  (downlink)  mill  for  the  transmission  of  digital  data  from  the  underwater  sensors  to  tlui  surface  for  display  und  record- 
ing (uplink), 

The  iiliderwiiter  portion  ef  DIDACTS  will  handle  up  to  eight  analog  input  chniinclH  (till  volts  full  seuio),  As  any  of  these  eliuii- 
nels  is  addressed  by  the  surface  unit,  Its  uiiiileg  voltage  Is  multiplexed  Into  a bl-polnr  anulng-to-digital  converter,  Tho  digital  data 
ulong  with  the  status  and  address  of  tho  channel  lire  sent  to  the  surface  via  thu  twisted  pair  data  transmission  line  In  the  iindorwntor 
cable.  Upon  receipt  of  the  digital  iiiliirimittmi,  the  surface  unit  stores  and  displays  thu  data  and  status  Information.  It  then  Initiates 

* Tho  data  logger  was  constructed  with  funds  provided  by  another  contract,  but  it  Is  campntiblo  with  the  recording  roipiiromunta  of 
Al, SCAT  mid  It  will  bo  used  with  this  Instrument, 
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the  cycle  for  another  channel  Ity  sending  down  to  the  underwater  unit  the  appropriate  addreas  and  any  digital  command  for  a change 
In  atatus  of  the  underwater  unit.  The  time  required  to  comnlete  the  interogatlon  Ufa  channel  in  7.83  milliacconda.  An  aeven  chan- 
nela  are  currently  being  uaed,  each  oham.'l  la  aampled  18.24  timee  per  eecond.  This  date  rate  la  in  excess  of  that  required  to  ac- 
curately record  any  of  the  variables. 

The  capability  la  provided  to  addreaa  any  one  o>  any  combination  of  the  night  data  channels  In  aequence.  Only  those  ao  addrea- 
aed  will  be  Interrogated. 

A 4-bit  command  word  is  aaaociated  with  each  channel.  These  digital  commands  are  transmitted  to  the  underwater  isn't  with  each 
oycle  of  the  DIDACTS  whore  they  are  placed  in  a storage  register,  If  the  atatUB  of  the  U/Vr  controlled  funotion  (e.g.,  wavelength  fil- 
ter whoel  poaition,  photomultiplier  tube  high  voltage  lotting,  chopper  motor  speed  setting,  or  scale  factor  for  depth  measurement)  Is 
not  In  agreement  with  the  command,  a digital  comparator  aenaoa  this  and  initiates  a sequence  of  changes  until  the  status  agrees  with 
the  command.  The  digital  oondltion  of  the  statue  generator  aasoolated  with  eaoh  controlled  function  la  plaoed  in  the  underwater  shift 
register  and  aant  to  the  aurface  where  it  may  be  dieplayed  and  raootded  along  with  the  deta,  If  the  command  and  atatua  algnale  in  the 
aurlhoe  unit  do  not  oorreapond,  display  and  recording  of  dale  ia  inhibited. 

Optloal  Design 


Deaitn  Considerations 

In  order  to  obtain  the  smallest  error  in  an  instrument  designed  to  measure  the  volume  attenuation  soefflolont,  a,  it  can  be  shown 
that  the  path  length!  through  tha  medium  ahould  be  around  1/a  or  one  attenuation  length.  Thus  In  vary  dear  oooanio  water  where  a 
may  be  as  large  as  a > 0.05  m-1  a water  path  length  of  20  meter*  it  indicated.  Suoh  path  length*  are  uaually  Impractical  in  field  in- 
etrumenta  without  reporting  to  acme  ayitam  for  multiple  folding  of  the  optioal  path.  The  multiplicity  of  optloal  surface!  which  re- 
sults, with  tha  attendant  requirement  for  knowing  the  axaot  reflectance  or  transmittance  of  each  surfaoe,  quickly  negates  any  gain 
resulting  from  tha  lncnaaad  path  length.  Furthermore,  tha  optimum  length  changoe  with  wavelength  and  water  mail,  and  tha  advan- 
tage of  tha  long  path  rapidly  dsoreaaaa  aa  ll  attenuation  length  decreases,  Aa  an  example,  given  an  instrument  having  a path 
length  of  20  metore  and  another  with  a ns*'  ngth  of  2 maters  - both  having  the  aame  photometric  accuracy  - the  "oroseover  atten- 
uation coefficient,"  a,,  i.a. , the  coefficient,  where  the  errors  in  the  meaeurement  of  a ie  the  eame  for  the  two  instrument*,  would  be 
a,  • 0.128m-1.  For  a 2-metor  instrument  with  a photometric  error  0,2  parcant,  the  error  in  the  determination  of  a - 0.05m-1  duo  to 
this  photometric  error  would  be  Aa  ■ 0,0011  nr  >,  and  tho  relative  error  would  be  Aa/a  » 0,022  or  2,2  percent.  This  ahould  be  ac- 
ceptable for  all  but  the  moet  oritioal  research  purposes.  The  eame  instrument  shortened  to  1 meter  and  uaod  in  the  seme  water  would 
yield  Aa  - 0.0021  m* 1 and  A a/a  - 0.042  or  4,2  percent  - an  orror  that  would  atlll  be  acceptable  for  moet  epplioatlons.  Thus  a 1 or 
2-mater  tranemisaometer  with  good  photomatrla  accuracy  can  provide  eatiefaotory  volume  attenuation  coefficient  data  for  olear  ocean 
waters.  These  ehorter  instrument*  are  greatly  to  be  preferred  from  the  standpoint  of  ease  of  handling  at  aoa  to  the  longer  instruments 
or  to  those  hiving  a large  number  of  reflecting  or  transmitting  surfaces  having  oritioal  cleaning  requirements  as  in  noma  Instrument 
designs  with  multiply-folded  optloal  paths. 

There  wae  an  additional  and  over-riding  consideration  forcing  the  design  to  shorter  path  iongtha,  That  ws*  the  requirement  to 
measure  tho  email  nngle  volume  scattering  funotion  (VSF)  using  the  earn*  path  aa  used  for  tho  beam  transmittance  measurement* 

Here  the  designer  wishes  to  measure  the  scattering  from  u thin  lamina  ao  that  the  flux  remulnu  essentially  constant  throughout  the 
meaeurement  volume.  The  requirement  for  adequate  receiver  powur  place*  t lower  limit  on  tho  measurement  volume,  and  tho  cross- 
eectlon  of  thla  volume,  l.c.,  the  beam  diameter,  finds  practical  llmita  In  thu  sire  of  the  receiver  option.  Optical  requirements  for  the 
alio  of  the  tranemisaomeier  beam  place  flirther  restrictions  on  the  bosm  diameter. 

The  compromises  then  were  (a)  between  long  measurement  path  lengths  for  accuracy  in  oloar  water  transmittanoo  (hence  a)  mea- 
surement! and  abort  water  path  lengths  for  small-angle  VSF  measurements  and  for  ease  of  handling  at  sea,  and  <b)  between  a large 
diameter  beam  for  precision  in  meumirumont  of  VSF  and  smell  diameter  to  keep  the  size  of  the  receiver  optloal  system  roasonsble. 

In  thla  instrument  the  projector  and  receiver  bourns  were  collimated  as  opposed  to  the  cyllndriunily  limited  design  used  in  pre- 
vious Visibility  laboratory  instruments.  Tho  primary  reason  for  this  was  to  allow  tho  proclso  specification  of  ungulnr  fields  of  view 
in  both  the  VSF  and  tho  transmittanae  measurements,  A corollary  benefit  is  that  thu  measurement  path  length  nmy  lie  changed  without 
affecting  the  instrument  calibration  providing  only  that  the  receiver  erlronne  aperture  is  of  adequate  dlametor  to  aoeupt  all  flux  scat- 
tered at  the  maximum  meaaured  noalterlng  unglo  for  the  longest  munsurumunt  path. 

Description  of  tho  Optloal  Design 

Thu  optical  aystom  consists  of  a projootor  which  provides  a small  beam  of  highly  collimated  light  mid  n collimated  receiver 
whose  optloal  axis  la  aligned  with  the  axis  of  the  projector.  The  fleld-of-vtcw  of  the  receiver  la  caused  to  change  repetitively,  by 
meant  of  an  Indexing  field  stop  wheel  located  at  the  focal  point  of  tho  receiver  objective  lens.  For  the  measurement  of  transmits 
tance,  the  fleld-of-vlew  is  determined  by  tho  requirement  to  puss  nil  flux  leaving  the  projector  which  has  been  neither  absorbed  nor 
scattered.  Thus  if  thu  power  in  tho  beam  as  It  luavos  the  projector  is  P„  and  that  remaining  after  traversing  mi  Instrument  water 
path  length  f la  Pp,  then  T - Pp/P„  - o-a*. 

For  the  measurement  of  tho  volume  scattering  function  at  angles  close  to  the  forward  direction,  the  field-of-vlcw  of  tho  receiver 
Is  suoh  that  it  blocks  the  directly  transmitted  tight  and  accepts  flux  which  haa  boon  scattered  by  the  water  nt  a small  range  of  angles 
around  the  desired  median  angle,  Those  portions  of  the  optical  system  that  are  Illuminated  by  the  projector  beam  can  also  contribute 
to  ucattered  flux  which  Is  indistinguishable  from  that  scattered  by  thu  water.  To  reduce  this  unwanted  signal  to  a minimum,  thu  du- 
aigu  emphasized  reducing  tho  number  of  optical  surfaces  and  amount  of  glass  to  a minimum  and  specifying  the  highest  quality  muter- 
iilu  and  aurfacua  in  tho  optics  used. 

The  volume  ecattorlng  function,  old),  st  angle  9 from  tho  direction  of  propagation  may  bo  determined  from  tho  expression: 


5-3 


t»<0>  •- 


1 


(2) 


Pj(0] 
ugt  ' Pj<0) 


t 


where 


and 


Pf(0) 

P{<0) 

“0 

f 


the  on-uxls  power  leaving  tho  nionHurumoiil  volume, 

the  rocoivod  powor  scattered  at  a moan  angle,  0,  into  a solid  angle  ioq, 

tho  solid  angle  of  uecoptaiice  ortho  receiver  about  the  muaauremunt  anglo  0, 

tho  puth  length  through  tho  measurement  volume. 


This  relationship  may  bo  derived  us  follows!  Tho  volume  scattering  funolion  Is  defined  by  tho  differential  relationship. 


dJ(0)  = a (0)  • H • dV 


(3) 


where  dJ  (0)  la  the  radi-nt  intensity  scattered  In  the  direction  0 by  an  elemental  volumo,  dV,  of  tho  scattering  medium,  H lathe 
Irradlanoe  Incident  on  tho  olomentabaamplu  volumo,  In  an  Instrumental  determination  of  a(0),  a sample  volume  of  finite  size  la,  of 
couree,  required  in  order  to  obtain  mouaurable  quantities  of  power.  Tho  size  of  thu  volumo  and  of  tho  receiver  uolid  angle  of  accep- 
tance, wfl,  are  determined  by  the  aoneltlvlty  of  the  receiver,  tho  power  in  the  projector  beam,  tho  apoatrel  bandwidth,  and  the  range 
of  a (0)  veluea  to  bo  measured.  In  ALSCAT  the  samplo  puth  longth  Is  sufficient  ao  that  losses  along  the  path  cannot  be  neglected 
in  tho  derivation.  Tho  measurement  path  le  shown  schematically  In  Figure  1. 


Let 


and 


P„(«)  = tho  power  In  tho  beam  emitted  by  thu  projector  Into  the  water, 
h - the  urea  of  tho  projoulor  beam, 
f ~ thu  length  of  the  mmisurumonl  volumo, 

T,  = the  transmittance  of  thu  water  path  to  x 

Tf  - Pf(0)/P„<0>  = the  transmittance  of  the  total  wutur  path. 


Then,  alnce  powor  In  thu  buum  at  x 


is  given  by 


H,  A,  = P,  = P.I01  ■ T, 

iiul  dP,(0>  - «0d.J,(0)  , 

represents  tho  powor  seattorod  in  dtroetlon  0 by  tho  elemont  of  path  dx  nt  x,  Hlq,  (3)  may  bo  rewritten  ns 

dP,<0)  = a (0)  * T,  • P„(0>  Wfldx  . 
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Now  the  amount  of  thle  powar  reaching  the  receiver  at  l will  bo 

dPf  .(tf)  a e(9IT,  -Te_,  -P.IOlMjdx 

and  ainoa  T,  ‘Tf_,  - Tf,  Eq.  (4)  become* 

dP{,.(®)  = effllTg  P„<O).i.0dx  . 

Solving  for  the  total  acattarad  power  received  horn  the  entire  meaeurement  volume,  we  obtain 

Pf(fl)  = o (9)  Tf  P,(0>  agt 

from  which  we  obtain 


(4) 


(4a) 


(6) 


1 Pe<(9> 

e<9)  a • (6) 

ugtT(  P.<0) 


or  elnoe  Pj(0)  = Tj  • P.(0) 


1 PJ<9> 

e(9)  s • , <7) 

*»»*  Pj(0) 


The  above  derivation  taeumei  alngle  acatterlng  and  that  the  path  travelled  by  a aoattered  photon  In  not  significantly  longer,  in 
taring  of  attenuation  loeaea,  than  that  travelled  by  an  unacattered  photon, 

Projector.  The  projector  aource  la  a 15-watt,  8-volt  projection  lamp  with  a 1,6  x 1.9  mm  "flat  core"  filament  (Oiram  8018),  The 
lamp  tllumlnatae  a field  atop  0.44  millimeters  in  dlamutar  placed  at  the  Ibcnl  distance  from  the  projector  objective  tuna  (aaa  Fig,  2), 
This  lana  la  a 330-mlllimatar  focal  length  90  millimeter  diameter  plano-oonvex  achromat  with  the  plane  aurfaco  in  contact  with  the 
watar.  A condensing  Iona  image!  the  filament  In  the  projector  aperture  atop.  The  projector  olear  aperture  la  9,33  millimeters  In  dia- 
metert  however,  since  the  diagonal  of  the  filament  Image  at  this  plane  la  slightly  smaller  than  the  aporture  diameter,  the  projector 
beam  aa  it  enters  the  watar  la  rectangular,  Thu  projsctor  beam  divergence  la  0.B7  mill)  rad  la  na  in  air  end  O.fi  mllllredlana  in  weter, 
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Hiu'i'lvor,  Tliu  ruuuivur  alao  him  « pliimi-ranvux  nulmnmitlu  Urns  of  xlinlliu  iluslun  liul  huvtntt  an  ovoriill  illiiniolor  of  75  mllll- 
im'lum,  A disk  ran  In  1 1)  1 1)  k four  fluid  HtupH  In  loon  toil  hi  lln>  fooiil  plane  of  Ihu  limn.  Thin  disk  rul.alim  nlimil  n alaifl  thrmiKh  Uh  uun- 
U'r  anil  |h  vnuaotl  Ui  Imlim  In  six  prnuUnly  iloLorttiliiuii  ponlllnnn  h.v  ii  im-i'lmn  I fill  liilurniltUuit.  drlvu  lauu  Im«h.  2 mill  II),  Thu  four 
1'lnlil  HlnpH  urn  lliua  uiihhuiI  In  a lop,  In  sni|iii>iiuu,  nl  Ihu  rui|iilruil  lui'iitlon  nn  Ihn  mnnlvur  millunl  nxls,  whlln  I'uuh  uf  Iho  four  nplliittl 
munnunimoiila  urn  purhiriiiud,  l.n.,  Inin ninlltuiiot* , mill  Urn  voliimn  soiillurlnii  runulion  ill  uni'll  of  (Inuu  unpins.  Am  Ihu  fluid  xlup  wluiol 
hmniiiiiuk  Ihu  romulnlmt  two  uf  lla  six  inialliniia,  Ihu  rnui'lvnr,  («!  anmploa  llplil  flux  nirrlod  from  Ihu  liinili  !i,v  ii  I'lhur  optlu  Unlit  plpu 
fur  ayalonia  pain  nil | u h! iiii-n I mill  t Ill'll , < Ii)  Ih  sliiilluruil  In  plain  II  In  Ihu  dark  Hi r h.vhIuiiis  /.urn-sul. 

Thu  four  rui'ulvur  fluid  Hto|m  uuiihIhI  of:  (1 ) ii  ulunr  kIo|i  I iiillllmulurH  In  dlitiuulur  wliiuh  pro  vlilu«  n I .A  mill  Iriidlun  (half  mi  pin) 
flnlil-iif-vluw  for  Ihu  irniiHiiiillillliT  tliuiiHiiruinuiil,  and  (2)  lltruo  ulunr  illillilllir  HlnpH  wliiuh  prnvldu  llir  voliiniu  noiiltorillK  flllH'tlun  muu- 
HiirulnuiitH  in  Ihu  nominal  unpins  of  It.  (I.  unit  12  mill IriiillniiH,  ns  shown  In  tin*  lulilu  Ix'low,  WIiuii  Ihusu  niiniilnr  fluid  uliipa  nru  ill 
pluun,  ihu  liiinpu  of  ihu  pmluulor  fluid  slop  fulls  on  Ihu  upmiuu  uuiilrul  spot  of  Ihu  slop  provuiulim  illruul  llux  from  Ihu  proluotor  from 
ruituhlllil  Ihu  ruuulvnr.  In  this  hIPiiiIIuu  onl.v  Unit  llux  from  Ihn  pmjuutnr  wliiuh  1ms  Imun  Munllurud  liy  mipluH  within  Ihn  llliiltH  IJral„ 
mill  dni||>  (shown  III  Ulu  tnlilul  run  lm  niuiisurud. 
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of  the  projector  beam  ee  It  enters  the  water  can  ho  Hooeptod.  Thus  if  the  projector  aperture  atop  diameter  la  <4p  and  the  path  length 
le  C,  the  minimum  receiver  aperture  atop  muut  be 


To  reduce  the  errore  Introduced  by  the  inoluelon  of  scattered  light  in  the  transmittance  measurement  and  by  thu  unwanted  inclu- 
sion of  secondary  scattered  light  in  the  VSF  measurement,  It  la  desirable  to  limit  the  size  of  the  aperture  stop  to  that  required  for 
each  measurement.  In  this  instrument  the  receiver  aperture  stop  is  determined  by  tho  size  of  the  image  of  a circular  stop  In  thu 
"indexing  aperture  atop  wheel"  formed  by  the  field  tana  (see  Figs.  2 and  3).  Thia  image  in  formed  at  the  water  surface  of  the  re- 
ceiver objective  lent.  The  field  stop  wheel  and  the  aperture  atop  wheel  are  on  the  aamo  shaft  and  index  togelhor.  Thua  each  of  the 
four  optical  mesiuromentk  ire  performed  with  an  appropriate  aperture  atop  aizo.  A slight  eompromlao  was  neaesaary  in  tho  interest 
of  helping  the  sins  of  neelver  lens  and  its  mounting  to  within  what  were  felt  to  be  reasonable  limits.  Thus  tho  maximum  receiver 
stop  diameter  was  kept  to  SO  millimeters  whloh  precludes  measuring  the  VSF  for  9 - 12  millirndiana  in  the  1,5  or  2.0  meter  path 
length  confl  guratloni. 


The  atop  wheel  mechanism  indexing  speed  can  ha  controlled  (torn  the  surface  up  to  a maximum  of  3 complete  cycles  of  the!  wheel 
per  aeoond  (IB  indexing  notions  per  second), 


Spectral  Filtarlni.  A wheel  oarrying  10  narrow-band  interference  filters  la  located  between  the  aperture  atop  wheel  and  tho  en- 
trance port  of  the  integrating  sphere  (see  Figs.  2 and  3).  The  oporator  may  aeioct  the  filter  required  by  a command  IVom  the  surface 
control  unit,  The  filter  eharaeteriatiea  ire  ahown  in  Fig.  4. 


Cl  IAH/VCTURISTICS  OP  SPECTRAL  HU, TORS  IN  AI.SCAT 

(sim®  sirr,  ditric  3 cavity) 
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Photodetector  Unit.  An  integrating  sphere  has  been  used  to  ensure  that  the  same  portion  of  the  photocalhodc  of  tho  photomulti- 
plier tube  <nCA  1P28AV1)  Is  used  for  all  measurements.  This  was  particularly  Important  since  the  distribution  of  flux  In  the  beam 
exiting  the  filter  wheel  changes  markedly  for  the  five  measurements  (including  the  fiber  optic  "reference"  measurement!.  Suoh 
changes  in  distribution  can  cause  the  output  of  tho  photomultiplier  tube  to  be  non-proportional  to  the  total  flux,  if  different  area*  of 
the  photocathodu  are  used. 

Underwater  tenses 

Tho  amount  of  glass  and  the  number  of  surfaces  In  the  optical  paths  of  tho  instrument  wee  kept  to  a minimum  in  the  interest  of  re- 
ducing the  reaidual  Instrumental  aouttering.  To  this  end  plano-convex  lonaus  with  their  plane  side  in  contact  with  the  water  were 
ueed  in  lieu  of  the  ueual  combination  of  lonaea  and  piano-parallel  optloal  glees  windows.  The  requirements  for  strength,  low  scat- 
tering and  aohroraatisatlon  dictated  lens  requirements  that  uould  be  met  only  by  special  lens  doaign  and  fabrication.  Consequently, 
two-element  cemented  achromats  were  designed  by  one  of  the  authors,  (TJP),  and  manufactured  to  strict  tolerances  with  respect  to 
surface  finiah,  bubbles,  inclusions,  strain  and  striae.  The  following  table  lists  the  major  specifications  of  the  lenses: 


■i 


ALSCAT  OBJECTIVE  LENSES 


{Rgr, 

75  mm 
30  mm 

Focal  Length  (587.68  nm,  He  d-llne) 

330  mm  1 1% 

Axial  Color  Correction:  400  to  670  nm 

± 0.2%  of  focal  length 

Front  Surface 

Flat 

Rear  Surface  Radius  of  Curvature 

143.69  mm 

All  Surfaces:  Conformity  to  Above 

Within  1 fringe  per  12  mm 

Surface  Quality  per  MIL-0-13830 

80-40 

Central  14  mm  (Rocutver)  \ 
Central  10  mm  (Projector)  J 

20  - 10  or  better 

Maximum  Deviation  Between  Optical  and  Mechanical  Axes 

8 mlnutoB 

Lul.  Thi  km,."  {«—» 

35  mm 
10  mm 

Mechnnlcnl  Design 

Tho  moehenical  design  wnn  predicated  on  providing  a rugged,  in-line  Instrument  that  could  take  the  normal  shipboard  abuse  and 
maintain  Its  optical  ullgnmcnt,  The  projector  and  receiver  ussembl lea  sru  mounted  in  cylindrical  prnsuuro  vessels  that  are  accurately 
positioned  with  rvspoct  to  each  other  h;-  Heavy  aluminum  cylindrical  spacers.  Figure  A shews  the  instrument  assembled  in  Its  1- 
tiietor  configuration  at  tho  top.  and  the  sketches  ut  the  bottom  of  the  figure  show  how  various  combinations  of  tho  spacers  can  be  used 
to  vary  the  water  path  length  from  0,5  to  2.0  meters.  Thu  oiongntud  hulos  In  the  cylinder  walls  of  the  spacers  are  provided  to  facili- 
tate rapid  exchange  of  water  in  the  measurement  path.  The  spacers  tiro  hold  together  by  spilt  clamp  rings  which  allow  rapid  and  ac- 
curate changes  in  mtth  length.  All  upticnl  roforoneos  are  made  to  the  large  face  plate  to  which  the  recolvor  pressure  housing  and  the 
first  spacer  (It  in  Fig.  5)  are  uttuehud.  Thu  pinto  was  carefully  machined  to  rveuivu  the  curved  surface  of  tho  receiver  objective  lens, 
and  tho  ulano  wutor-contuct  surface  of  this  Ions  is  parallel  to  the  plane  of  tho  outer  surface  of  tho  plate.  The  optieul  components  for 
the  receiver  are  mounted  on  on  optical  bench  fastened  to  tho  inner  surface  of  this  face  plate  and  hold  rigid  by  tho  addition  of  two 
large  rodn  and  an  end  plate  brace.  The  projector  unit  la  contorud  and  ull;;nod  to  the  receiver  by  moans  of  two  sets  of  three  adjust- 
ment screws  in  the  well  of  the  spacer  tulie. 

Access  to  the  receiver  optics  and  electronics  is  obtalnoil  by  removal  of  the  cylindrical  pressure  housing.  Access  to  the  lamp 
Is  obtained  by  removing  first  tho  protective  guard  (unit  K in  Fig.  &),  and  sooond,  the  rear  half  of  tho  projector  pressure  housing.  Tho 
optical  alignment  is  not  uffectod  by  this  procedure.  Lump  replacement  or  adjustment  are  quickly  and  nlniply  effected. 

The  fiber  optic  light  pipe  and  wires  ftom  thu  receiver  to  the  projector  are  carried  through  aluminum  tubing  attached  to  tho  re- 
spective face  plates  by  conventional  tubing  compression  fittings.  A separate  tubing  length  is  required  for  each  of  the  four  meu- 
survnumt  nath  lengths. 
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K l ec  in  j»iU‘  1 )qh Ign 

Thu  electronics  may  bo  divided  into  two  distinct.  parts:  (1)  thi*  tinnlofC  signal  detection  and  processing  circuits,  and  (2)  tho 
Digital  Data  And  Command  TrunHiutHHion  System  (DID A< V|\S).  Klgure  U is  an  abridged  block  diagram  of  tho  imdorwalur  unit.  Tho 
multipW'xnr/ntinlog-to-digitnl  convertor  is  tho  essential  interface  lx1  tween  tho  analog  and  digital  circuits, 

Undorwator  Analog  Circuitry 

An  nptooluctriu  oouplor  (LKD/photodiodc  unit)  senses  liio  position  of  tho  indexing  stop  whool  and  provides  timing  signals  for 
the  signal  detection  process,  Thu  primary  pholodotcutor  is  u ii-stnge  photomultiplier  tube  (KOA  1P2HAV1),  Tho  gain  of  this  tube 
is  adjusted  by  controlling  the  high  voltage  applied  to  its  dynodes  In  n imtimor  duscrllxMi  Inter.  The  output  Hlgnul  from  tho  tube  con- 
sists of  ii  series  of  six  discrete  current  levels  corresponding  to  the  six  positions  of  tin*  stop  wheel.  The  current  Is  converted  to  u 
voltage  signal  by  ati  operational  amplifier,  and  this  voltage  Is,  In  tarn,  applied  to  the  inputs  of  six  Hnmplo-mid-lmld  circuits.  These 
circuits  are  switched  by  Iho  timing  signal  generated  by  the  stop  wheel  location.  Thus  the  IM\  outputs  of  these  S&H  circuits  cor- 
respond to  the  avuruge  value  of  the  photomultiplier  tube  output  during  the  sampling  aperture.  These  signals  arc  the  voltage  analogs 
of  the  light  flux  entering  tho  Integrating  sphere  and  are  updated  once  per  revolution  of  the  atop  wheel.  The  output  signals,  corres- 
ponding to  VSF  i/a,  uittl  n j)  nml  transmittance,  are  applied  directly  to  the  analog  mill  .plexer.  In  addition,  the  trnnsmllUmou 
signal  is  applied  to  a logarithmic  circuit  which  provides  an  output  voting"  aim  log  of  llu*  volume  attenuation  coefficient  a,  i.c, , 
» - -1/P  In  T. 


Pig,  B 


Thu  output  From  thu  "zoro"  Sill  circuit  provides  an  indication  of  thu  dark  uurrunt  In  thu  photomultiplier  tube  and  zoro  drift  in  the 
eurrent-to-voltugc  commuted  opurutlonal  amplifier.  The  "zero"  aignal  la  fed  bnolt  to  a Humming  Junction  at  thu  Input  to  thia  ampli- 
fier and  forcua  thu  amplifier  output  to  /.uro,  thus  compensating  for  the  zoro  offsets  gunoratod  to  lliia  point. 

Thn  output  from  ihu  "reference"  S&lt  in  proportional  to  the  aignal  arriving  ut  thu  phototube  through  the  fiber  optic  light  pipe.  Aa 
thin  aignal  Ih  Indepoudont  of  the  water  path,  Its  value  should  remain  constant.  Any  vuriution  in  thin  signal  is  attributable  to  varla- 
tloiiH  in  the  lump  output  or  in  (lie  ovuriill  ronponau  of  thu  phntumuUlpllor  tube  (PMT).  Regardless  of  tho  cituuo,  changing  thu  gain  of 
the  i’MT  cun  roatore  the  ruforulico  aignal  to  u proaot  vuluo.  This  vuluo  Ih  determined  with  the  Instrument  in  ulr  by  adjusting  the  high 
voltage  applied  to  thu  PMT  dynudea  until  the  Indicated  transmittance  is  0.9125.  Tills  value  represents  the  txunsmittanou  change 
caused  by  llio  incrousu  in  losaos  ut  the  two  exterior  surfaces  of  the  lons/wlnriows  when  Uiosu  Interfaces  uro  in  air  us  opposed  to 
water.  The  high  voltage  Is  luljuatcil  as  follows:  Thu  output  from  ihu  reference  Sill  is  electronically  compared  to  u reference  signal 
genoruted  by  n dlgital-to-analog  convertor  < DAO.  Tho  DAC  output  is  adjusted  from  tho  surfuou  by  thu  setting  of  digital  switches. 

Thu  difforuncu  signal  between  thu  DAC  output  olid  thu  nifbroncu  S&l)  controls  the  high  voltage  applied  to  the  PMT.  Thus  onoc  thia 
adjustment  has  been  inudc  In  ulr  (utter  careful  cleaning  of  thu  windows)  thu  magnitude  of  this  difference  signal  Is  established.  With 
adeipinte  loop  gain  small  changes  in  die  reference  S&ll  output  will  provide  sufficient  compensating  PMT  gsin  change  to  hold  the  over- 
all system  response  constant  to  within  die  desired  ±0.1  percent, 

Tho  pressure  and  temperature  transducer  outputs  arc  processed,  and  voltugu  analogs  of  the  depth  (0  - 200.0  or  0 - BOO  meter*) 
and  temperature  (0  - <10.0DC)  are  applied  to  thu  anulog  multiplexor,  Changes  in  the  full  sei.lo  range  In  depth  and  a measurement  are 
effected  by  digital  communds  transmitted  from  the  surface. 

Digital  Circuits 

The  seven  underwater  analog  channels  nru  multiplexed  into  an  analog-to-digltal  converter  (ADC)  in  accordance  with  address  sig- 
nals transmitted  from  thu  surface.  Thu  output  of  thu  ADC  is  fed  to  a shift  register  along  with  the  address  and  status  in  formation 
Horn  thu  seven  channels.  The  underwater  transmitter  then  sends  this  serialized  dlgitul  Information  up  a balanced  digital  data  trans- 
mission cable,  At  the  surface  thu  data  is  shifted  into  five*  data  registers  that  tateh  tho  data  In  accordance  with  the  channel  ad- 
dresses (see  Pig.  7),  Tho  Information  in  the  latched  registers  is  provided  to  tho  digital  displays,  printer,  magnetic  tape  recorder, 


* The  five  are  Transmittance,  Alpha,  Depth,  Temperature,  and  one  of  the  three  V3P  channels  as  selected  by  the  operator. 


5-10 


•|N0._  | 

COMMAND  ] 

BTOf  WHIIL 

H 

P 

t 

DIQ1UL  IW. 

fiLim  Bluer 

( 

I 

T 

1 

n 

* 1 Mi«T' 

ALSCAT  SURFACE  CONTROL  AND  DISPLAY  UNIT 
(Block  Diagram) 


■nit  tn-inaloi  converters  (DAC).  The  unalog  output*  fro*  the  DAC  arc  nvsilahle  for  recording  on  «n  x.  Y|.  y t flatbed  ro- 

S!!8  tL  l.  M to  a computation  circuit  whore  appropriate  gain*  and  offsets  arc  applied,  and  the  rose  t 

1*  divided  by  tho  path  transmittance  In  accordance  with  Eq.  <81.  The  output  of  thi*  computation  I*  alao  fod  to  the  x,  y,.  y,  plotter 
and  to  a digital  voltmeter  for  display  and  converalon  to  BCD  output. 

The  nurfaco  unit  provide*  digital  addrosao.  and  command*  to  tho  Individual  channel.  In  tho  underwater  unit.  The.o  digital I nig- 
naU  aro  placed  In  a ahtft  regl.ter  and  transmitted  to  the  underwater  unit  via  the  sumo  twist™!  pair,  data  oablo  used  for  the  up-link 
transmission.  Tho  timing  of  the  sond/reoeivo  oyolo  In  determined  by  the  number  of  bits  required  for  the  up  and  down  link  portion* 
of  the  cycle  and  the  basic  clocking  frequency,  (i.U  kilohorU.  Tho  beginning  of  each  channel  a interrogation,  command,  data  and 
ntatun  cyole  is  determined  by  a unique  word  of  aevon  consecutive  pulaes.  Each  channel  data  oyolo  requires  sen  Ing  > 
bits  of  information  requiring  7.HII  mllllaooonda.  Thus  for  the  saven  channels,  a total  of  54,8  millisecond*  aro  required,  anti  the 
total  data  cycle  rate  Is  18.24  horts. 

Tho  timing  is  controlled  by  individual  crystal  oscillator  clocks  In  the  underwater  und  surfaoo  unit*.  The  surfaou  elook  l»  syn- 
chronised with  the  underwater  clock  once  per  chunnul  data  cycle. 

Power  Supply 

The  power  for  the  underwater  electronics  snd  lamp  Is  providud  hy  transmitting  00  hurt*  current  through  two  additions!  twisted 
pairs  in  the  undurwator  cable.  Although  this  require*  using  rather  high  voltages  lou.  200  volts)  nt  the  surfsco  end  of 
problems  In  electrical  leakage  or  from  noise  coupling  Into  tho  digital  circuits  havo  been  encountered.  The  advantage  of  this  method 
was  that  of  being  able  to  use  conventions!  llno-poworud  power  supplies, 

Pstn  Output 

Two  samples  of  the  type  of  data  which  can  he  obtained  with  tho  Instrument  are  presented,  Those  samples  arc  plots  fr-m  the  two- 
pen  x-y  plotter.  Figure  8 shows  tho  temperature  and  transmittance  profile  In  water  having  an  unusual  y pronounced  turbid  layer  from 
1()  to  30  motors  below  tho  surface.  In  Fig.  9 wo  present  vertlcul  profiles  showing  the  volume  utUmuutlon  coefficient  unri  tho  volume 
scattering  function  for  12  mllllrudlans.  TIioho  curves  wore  obUilnud  ut  tho  «amo  location  28  mlmitoB  lntor. 
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SECTION  6 

SURFACE  SUPPORT  PLATFORM 


INTRODUCTION 

The  purpose  of  this  appendix  is  to  describe  the  Surface  Support  Platform  and  append- 
ages used  to  provide  sea-surface  support  including  power,  instrumentation,  and  control  of 
underwater  devices  for  the  Optical  Satellite  Communications  Program  BLUE-GREEN  experi- 
ment, The  objectives  of  the  piutform-assembly  task  included  the  following: 

(1 ) Providing  a platform  which,  when  deployed,  would  be  sufficiently  stable  to 
conduct  the  experiments  under  a variety  of  ocean  conditions,  It  was  necessary 
that  the  platform  be  sufficiently  large  to  provide  a work  area  for  up  to  7 people 
and  be  sufficiently  equipped  to  support  the  necessary  electrical,  mechunical, 
and  electronic  equipments; 

(2)  Providing  vertical  access  to  depths  of  approximately  SO  metres  in  the  form  of 
an  assembly  which  would  be  raised,  lowered,  and  rotated  and  upon  which 
various  instruments  could  be  mounted,  The  assembly  position  was  required  to 
be  fixable  to  within  3 degrees  (an  allowable  swing  of  2.5  metres  at  the  50- 
metre  depth); 

(3)  Providing  a method  to  traverse  an  optical  detector  along  a horizontal  path 
slightly  below  the  surface  of  the  water.  It  was  necessary  that  orientation  of  the 
horizontal  path  and  the  pointing  of  the  detector  with  respect  to  the  vertical 
elements  (described  In  2 above)  be  well  defined; 

(4)  Providing  support  to  personnel  of  the  Seripps  Institution  of  Oceanography 
Visibility  Laboratory  for  the  deployment  and  operation  of  the  monitoring 
instruments  for  optical  properties;  and 

(5)  Providing  mooring,  deployment,  upkeep,  support,  wutchstander  personnel, 
small-boat  plutform-to-shore  transportation,  and  correction  of  equipment 
breakdowns, 

GENERAL  DESCRIPTION 

The  objectives  were  required  to  be  met  within  5 months  and  construction  was 
scheduled  to  begin  In  parallel  with  the  development  of  experimental  equipments  which  were 
only  generally  defined.  Moreover,  the  task  was  to  be  accomplished  within  an  extremely 
tight  budget.  For  these  reasons,  some  rutlier  bizurre  and  unique  designs  were  employed 
with  flexibility  us  the  primary  guideline. 

For  example,  to  fit  the  budget  constraints,  It  was  determined  that  surveyed  and 
excess  equipment  would  have  to  be  used,  where  possible,  and  this  equipment  would  have  to 
be  augmented  with  rented  accessories.  This  factor  required  that  the  platform  be  of  sufficient 
size  to  fit  the  available  equipment.  The  customary  approach  of  designing  equipment  to  fit 
the  available  space  wus  not  possible  in  tills  operation.  Thus,  for  the  base  platform,  a large 
burge  (10.4  by  33.5  metres)  wus  selected.  The  barge  is  described  in  detail  in  u later  portion 
of  this  appendix. 

Several  techniques  were  considered  for  deploying  stable  equipment  platforms  to  the 
desired  depths.  Common  to  all  these  techniques  was  excessive  cost  for  boat  and  diver  opera- 
tions. To  eliminate  most  of  this  cost  factor,  a technique  was  devised  which  would  not  require 
divers  und  which  would  cut  boat  operations  to  a minimum.  This  technique  involved  the 
fabrication  of  a single  piece  of  pipe,  55  metres  long  and  0,2  metre  (approximately  8 inches) 
in  diameter  into  the  form  of  a vertical  guide  assembly  to  which  a platform  could  be  fitted 
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and  be  ruised  and  lowered,  Deployment  of  the  system  to  be  accomplished  without  the  use 
of  divers,  was  reduced  to  the  problem  of  fabricating,  floating,  and  towing  the  pipe  to  the 
desired  locution,  At  the  test  location,  it  was  only  necessary  to  attach  one  end  of  the  pipe 
to  the  barge  and  to  sink  the  other  end.  (Fabrication  of  the  pipe  is  described  in  a later 
section  of  this  appendix.)  It  was  found  that  the  horizontal-path  requirements  could  he  met 
by  suspending  u guide  rail  along  the  side  of  the  barge, 

In  summary,  as  depicted  in  figure  1 , the  overall  design  concept  wus  to  develop  a plut- 
form  (barge)  and  to  attach  a vertical  und  a horizontal  optical  bunch  to  the  platform  in  the  form 
of  a suspended  pipe  and  an  H-beum  guide  rail.  With  this  arrangement,  experiments  could  be 
conducted  through  an  underwater  path  from  equipment  mounted  on  the  vertieul  und  hori- 
zontal optical  benches,  The  vertieul  optical  bench  could  also  be  used  to  deploy  a laser  and 
an  underwater  receiver  for  uplink  and  downlink  measurements,  respectively.  Later  on  in 
this  uppendix,  a section  will  be  devoted  to  a description  of  the  equipment  selected  to  per- 
form the  remaining  functions  of  the  platform,  Figure  2 illustrates  the  overa!’  luyout  and 
points  up  the  convenience  of  selecting  the  large  barge  us  the  first  step  in  the  operation. 
Through  use  of  this  procedure,  it  was  possible  to  equip  und  test  separate  units  at  the  Labora- 
tory before  transporting  them  to  the  barge  for  Installation.  In  this  wuy,  planning  and  lubrica- 
tion were  accomplished  in  parallel.  It  was  ulso  found  feasible  to  provide  a fully  self-contained 
maintenance  and  support  uctivity  abourd  the  barge,  In  addition,  the  large  size  und  stability 
of  the  barge,  when  moored,  provided  comfort  for  system  operators  und,  in  particular,  for 
watchstanders  who  manned  the  barge  continuously. 
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Figure  1.  Surface  platform  design  concept. 


6-2 


FUEL  OIL 


BUFFALO 


GASOLINE 


STORAGE 


0-TON  CRANE 


& A FRAME 


"iSi 


400  H« 


DIESEL 


GENERATOR 


m 


V m UUNmuw  winun 

MmrmKF* 

POSITIONING  CARRIAGE  ASSEMBLY 


PERSONNEL  OUARTERS  AND 
EQUIPMENT  REPAIR  TRAILER  i 


THE  BARGE 


Figure  2,  Aerial  viow  of  the  surface  support  platform. 


For  the  surface  platform,  the  YC-1087  barge  was  used.  The  principal  dimensions  of 
the  YC-1087  arc: 

Length  of  33.5  metres, 

Width  of  10.4  metres, 

Light  draft  (170  tons)  of  0.56  metre. 

Full  draft  (670  tons)  of  2.44  metres, 

The  YC-1087  has  a 3.6-metre  (from  keel  to  deck  height)  molded  deck  and  was  built  by  the 
Soule  Steel  Company,  San  Francisco,  in  1 045,  The  deck  is  guarded  by  steel  bulkheads  1 .07 
metres  high  with  two  2.44-metre  openings  along  both  sides  and  a 3.36-metre  opening  at  each 
end  for  deck-edge  access,  The  deck  area  Inside  the  bulkheads  is  8,2  by  26.8  metres.  The 
maximum  displacement  for  open-ocean  tow  of  the  barge  is  570  tons. 

The  interior  (below  decks)  of  the  barge  consists  of  6 void  spaces  separated  by 
athwurtshlps  bulkheads.  Access  to  the  voids  is  provided  by  hatches  along  both  sides  of  the 
barge.  In  order  to  Improve  the  stability  of  the  barge  during  the  tests,  the  2 center  voids  were 
fitted  with  vents  and  were  filled  with  fresh  wuter,  The  resulting  2-metre  draft  also  provided 
easy  access  to  the  water  surface  from  the  deck  edge.  The  remaining  4 voids  were  fitted  with 
external  flooding  alarms  and  were  inspected  at  4-hour  intervals. 

Three  davits.  (3  metres  high  with  2-metre  projections)  were  fabricated  of  0.1 22- 
metre  (4-inch)  sehecjUile-80  pipe  and  were  fitted  into  bearing  sleeves  at  port  and  starboard 
openings  (fig  I ).  Tlje  davits  were  swung  in  and  out  by  hand  using  a removable  steel  arm. 

The  davits  v/erc  fitted  with  sheaves  and  were  used  to  lower  the  water  monitoring  instruments 
over  the  side  and  rlelar  of  the  platform. 


The  port  after  corner  of  the  barge  was  fitted  with  a 6-metre  A-frame  guide  which  was 
fitted  to  pads  welded  to  the  deck,  The  A-frame  was  also  fabricated  of  0,122-metre  schedule- 
80  pipe  with  sleeve  bearings  at  the  feet.  Ladder  rungs  were  welded  up  one  leg  of  the  frame 
to  permit  easy  access  to  the  top,  The  A-frame,  designed  to  support  a vertical  load  of  10  tons 
at  an  angle  of  30  degrees  from  the  vertical,  was  used  to  support  the  vertical  pipe  and  test- 
instrument  platform  which  represented  a maximum  loud  of  approximately  3 tons, 

Access  to  the  waters  edge  for  boarding  small  boats  was  provided  by  2 ladders 
mounted  at  the  edge  of  the  deck.  A 3-metre  boom  was  rigged  off  the  starboard  side  for 
stowing  the  small  boat  away  from  the  side  of  the  barge,  Access  to  the  test -instrument  plut- 
form  for  instrument  adjustments  was  provided  by  a hinged  deck  (2  metres  by  1 metre)  which 
could  be  lowered  alongside  the  platform.  The  deck  was  fitted  with  hand  rails  and  open  deck 
grating  for  personnel  sul'cty. 

Mooring  for  the  barge  wus  provided  by  3 light-weight,  anchors  (680  kilograms  each) 
each  equipped  with  one-half  shot  of  3,81 -cm  (1.5  in)  chain  to  prevent  bottom  chaffing  and 
610  metres  of  10.1 6-em  (4  In)  braided  nylon  line.  Bxeess  line  wus  stowed  in  cubical  boxes 
1 .24  cubic  metres  in  size.  Each  anchor  was  equipped  with  a nilspin  retrieving  wire  and  a 
marker  buoy.  The  nilspin  retrieving  wire  had  u diameter  of  1 ,6  centimeters. 

The  barge  wus  towed  to  the  test  site  ut  Santa  Cutulinu  Island  and  placed  in  u 3-polnt 
moor  In  60  metres  of  water  by  the  USS  H1TCH1TI  (ATF-103).  Approximately  350  metres 
of  line  were  used  on  each  log  of  the  moor.  The  moor  was  set  to  point  the  after  corner  of  the 
barge  (the  A-frumc)  due  South.  This  wus  done  so  that  the  underwater  receiver  would  have  a 
maximum  unobstructed  view  of  the  sun.  After  mooring,  the  position  of  the  burge  wus 
cheeked  periodically  using  relative  bearings  of  landmarks  taken  with  a mountain  transit. 

The  barge  was  subjected  to  muxlmutn  winds  of  35  knots  (broadside)  and  estimated  maximum 
tidul  currents  of  5 knots, 

Barge  trim  was  recorded  during  the  tests  as  0, 1 5 metre  or  a tilt  of  approximately 
5 milHrudians  fore  and  aft.  The  position  of  the  burge  remained  relatively  stable  during  the 
tests,  For  this  reason,  positioning  of  instruments  by  sighting  distant  landmarks  was  expected 
to  be  accurate  to  ±50  mllliradians.  This  was  true,  for  example,  of  the  orientation  of  the 
cumcra  uxes  or  the  uiming  of  the  laser  beam  toward  the  aircraft, 

Each  side  of  the  barge  wus  fitted  with  a large  wooden  bumper  (0.2  by  1 metre  cross 
section)  extending  the  full  length  of  the  barge.  The  burge  draft  was  such  that  the  bottom 
edge  of  the  bumper  was  in  contact  with  the  surface  of  the  water.  An  H-beatn  (0.1  5 metre), 

1 8 metres  long,  was  suspended  0. 1 metre  away  from,  und  0, 1 metre  up  from  the  bottom  of 
the  bcum  using  L-bruckots  und  angle  iron  (fig  3).  The  supports  were  attached  to  the  top  flungo 
of  the  H-beam  leaving  the  bottom  flange  to  support  and  guide  a subsurface  instrument- 
positioning  carriage.  The  one-piece  bourn  wus  Installed  in  port  und  only  minor  adjustments  to 
its  configuration  were  made  at  the  test  site. 

The  positioning  carriage  (fig  4 and  5)  consisted  of  a 1 by  0,7  metre  section  of  channel 
Iron  fitted  with  nylon  top  runners  to  fit  inside  the  flanges  of  the  H-beam  and  a spring-loaded 
roller  which  pressed  up  against  the  bottom  of  the  bourn.  A yoke  assembly  wus  fitted  around 
the  underwuter  Instrument  bousing  and  was  attached  to  bearings  on  each  side  of  the  positioning 
earriuge.  The  outboard  side  of  the  yoke  (fig  5)  extended  up  to  provide  a control  arm  for 
pointing  the  instrument.  A protractor  was  also  fitted  to  the  outboard  side  of  the  positioning 
carriage.  Drilled  holes  in  the  protractor  aligned  with  a pin  in  the  control  arm  and  allowed 
adjustments  of  the  instrument  pointing  angle  of  ±80  degrees  in  5-degree  increments.  T- 
lutndlcd  brakes  were  threaded  into  the  outboard  side  of  the  positioning  carriage  to  lock  the 
unit  in  position  and  to  minimize  wave-induced  sway  In  the  suspended  instrument.  AH  assem- 
blies wore  eouted  with  anti-corrosion  and  anti-foul  paint. 
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In  operation,  an  instrument  is  walked  to  the  desired  beam  location,  the  operator  locks 
the  positioning  carriage  in  place,  and  tilts  and  pins  the  instrument  at  the  desired  angle,  During 
the  tests,  angular  positioning  of  the  instrument  was  considered  to  be  accurate  to  ±50  milli- 
radians  and  positioning  along  the  beam,  ±0.15  metre. 

VERTICAL  GUIDE  AND  INSTRUMENT  PLATFORM 

The  vertical  guide  for  supporting  the  instrument  piutform  at  various  depths  consisted 
of  a suspended,  schedule-40,  steel  pipe,  56  metres  long,  und  0.2  metre  in  diameter,  fitted  with 
a guide  rail  down  one  side.  The  pipe  was  fabricated  in  one  piece  at  San  Diego  and  was  later 
towed  to  the  Santu  Catalina  test  site.  Lengths  of  pipe  (nominally  7 metres)  were  welded 
together  over  1-metre  inserts  (fabricated  by  turning  down  0,2-metre  (diameter)  schedule-1 20 
pipe  sections)  to  manufacture  the  ussembly.  A tail  assembly,  fitted  with  a shackle  mount 
and  u 0.05-mctre  diameter  flood  and  blow  port,  was  welded  to  one  end  of  the  pipe,  and  u 
head  or  top  ussembly  was  fitted  with  a slotted  flunge,  pin,  and  a D-ring  for  suspension  support. 
A 0.15-metre  fitting  fora  blow  und  vent  port  was  welded  to  the  top  end  of  the  pipe,  The  full 
length  along  one  side  of  the  pipe  was  drilled,  tupped,  und  fitted  with  a 0.025  by  0,020  metre 
guide  rail.  The  guide  ruil  was  segmented  into  sections,  approximately  3 metres  in  length,  to 
prevent  fracture  during  normal  pipe-bending  modes,  The  threads  of  the  bolts  used  to  hold 
the  guide  ruil  In  place  were,  coated  with  elastic  stop-leak  material  to  prevent  water  loukuge 
into  the  pipe  during  notation  periods,  A tail  stop  was  clumped  to  the  pipe  to  prevent  over- 
travel  of  the  instrument  platform  when  the  assembly  was  placed  In  service. 

To  prepare  the  pipe  for  tow,  both  the  vent  und  Hood  ports  were  sealed,  Eighteen  pairs 
of  pontoons,  each  2.9  metres  long  and  constructed  of  capped  segments  of  0,1 -metro  diameter 
sehodule-40  PVC  pipe,  were  fitted.  Each  puir  of  pontoons  was  positioned  und  rigged  to  the 
pipe  (fig  6)  with  0,01-metre  diameter  braided  nylon  line.  The  rigging  of  the  pontoon  pairs 
provided  3 under-riding  lines  for  each  pair  to  support  the  pipe,  and  3 ovor-rldlng  lines  to  hold 
the  pontoons  next  to  the  pipe.  Tlio  front  over-rider  for  each  pair  of  pontoons  was  pussed 
through  u hole  drilled  in  the  guide  rail  und  served  to  keep  the  pontoons  from  slipping  back 
along  the  pipe  while  under  tow.  The  rigging  lines  were  adjusted  so  tliut  the  top  edges  of  the 
pontoon  pairs  were  In  line  with  the  top  edge  of  the  pipe.  This  was  done  to  ensure  that  the 
pipe,  when  flouted,  could  not  roll  over.  The  entire  assembly,  pipe  and  pontoons,  was  lifted 
by  cranes  and  lowered  Into  the  water.  In  order  not  to  bond  the  pipe,  the  lifting  was  accom- 
plished using  3 cranes  simultaneously,  each  lifting  at  two  positions  along  the  length  of  the  pipe. 

The  design  of  the  pontoon  system  was  intended  to  provide  continuous  support  along 
the  length  of  the  pipe  and  to  provide  a slightly  positive  buoyancy  (approximately  3 pounds 
per  metre  of  pipe  length).  Calculations  hud  shown  earlier  that  only  about  7 metres  of  the 
pipe  could  bo  suspended  safely  without  any  support  other  than  that  provided  by  the  pipe  it- 
self. In  addition,  it  was  determined  that  end-to-end  Hexing  of  approximately  3 metres,  if 
encountered,  would  result  in  permanent  deformation  of  the  pipe,  Since  nominal  sea  condi- 
tions over  the  towing  path  from  San  Diego  to  Santu  Catalina  Island  include  swells  in  excess 
of  2 metres,  it  was  apparent  that  destruction  of  the  pipe  would  tuke  place  if  the  pipe  were 
permitted  to  ride  fully  on  the  surface. 

The  dry  weight  of  the  pipe  was  approximately  4700  pounds.  The  pontoons  were 
designed  to  provide  approximately  1400  pounds  of  buoyancy.  During  the  5-knot  tow 
(fig  7),  the  tail  was  seen  to  Ilex  approximately  1 metre,  side  to  side,  as  the  pipe  cleared  each 
swell.  (Note  that  a shark  buoy  was  attached  to  a line  at  the  tail  of  the  pipe  to  warn  small 
boaters.  The  lift  of  the  shark  buoy  added  significantly  to  the  lift  of  the  pontoons  causing 
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the  tail  to  lift  up  in  a swell.)  The  design,  however,  proved  sufficient  to  allow  the  principal 
portion  of  each  swell  to  pass  over  the  pipe.  No  damage  to  the  pipe  resulted  during  the  130- 
km  trip. 

Once  in  position  alongside  the  barge,  the  tow  line  was  removed  from  the  pipe  and  a 
winch  line  was  attached  to  the  D-ring  at  the  top.  The  winch  line  wus  passed  through  n sheave 
at  the  top  of  the  A-frame  und  slack  was  taken  out  of  the  line.  A tail  line  was  attached  to  the 
pipe  und  secured  to  the  barge.  Next,  the  over-rider  lines  on  the  pontoons  were  cut  leaving 
the  pipe  suspended  in  the  cradle  formed  by  the  under-rider  lines.  The  flood  plug  wus  removed 
from  the  tall  of  the  pipe  and  the  tall  line  was  payed  out  simultaneously.  As  the  pipe  began 
to  flood,  it  slowly  lowered  to  the  vertical  position  suspended  by  the  winch  line  and  the  A- 
frume,  Allowing  the  pipe  to  flood  slowly  und  to  swing  down  against  the  force  of  the  pontoons 
was  intended  to  help  prevent  bending  of  the  pipe,  Once  the  pipe  wus  in  the  vertical  position, 
the  pontoons  flouted  free. 

The  pipe  was  hoisted  up  on  the  A-frume  until  Its  top  wus  approximately  0.5  metre 
above  the  burge  deck.  The  pipe  support  wus  then  transferred  to  a swivel  und  a 0,025-metre 
wire  hung  from  the  A-frame.  A steel  bur,  2 metres  long,  was  inserted  between  the  top 
flunges  and  rigged  to  prevent  the  pipe  from  rotating,  (Later,  the  steel  bur  was  used  as  a lever 
to  rotate  and  point  the  pipe  und  Instrument  platform  during  the  vurious  phuses  of  data  acquisi- 
tion,) The  guy  wires  on  the  A-frume  were  adjusted  to  position  the  pipe  in  line  with  the  hori- 
zontal guide  rail.  Finally,  the  vent  line  was  opened  and  the  pipe  was  allowed  to  fill  with  sea 
water  to  reduce  its  buoyancy.  Recovery  of  the  pipe  wus  accomplished  by  performing  the 
steps  in  reverse  order,  blowing  the  pipe  dry  and  lifting  with  the  tull  line  to  the  point  where 
the  pontoons  could  be  refitted. 

The  instrument  plutform  (fig  8)  consisted  of  u 1 .5-metre  long  tubular  guide  to  which 
wus  welded  u horizontal  table  or  platform.  The  guide  section  was  manufactured  of  0.3- 
nt utre  diameter,  schedule-40  steel  pipe  and  was  fitted  on  its  inside  surface  with  a set  of  runners 
of  a UHFM  polymer  designed  to  glide  along  the  pipe  and  guide  rail.  The  two  sides  of  the  hori- 
zontal platform  table  were  urrunged  to  accept  both  the  laser  and  the  rudianco-scun.ier  camera. 
The  top  of  the  platform  was  drilled  to  permit  a rotational  selection  (intervals  of  60  degrees) 
for  orienting  the  instrument  mounts.  The  platform  was  manufactured  In  one  piece  and  then 
split  In  half  for  Installation  at  the  test  site,  Bolting  brackets  and  guide  keys  were  installed 
before  splitting  to  ensure  the  alignment  of  the  final  assembly.  Once  reinstalled  on  the  pipe 
at  the  test  site,  the  luilf-ton  assembly  was  fitted  with  wire  straps  leading  to  a winch  hook  con- 
figured to  slide  down  the  side  of  the  pipe  opposite  the  guide  rail.  The  hook  was  wrapped 
with  split  fire-hose  material  to  protect  the  pipe  coatings.  The  platform  assembly  was  raised 
and  lowered  through  Its  55-metre  operating  range  by  an  automatic  winch. 

The  laser  mount  (fig  8)  was  constructed  so  as  to  hold  the  laser  securely  in  place  and 
to  permit  It  to  be  tilted  in  1 0-dcgree  intervals  from  zero  to  50  degrees.  The  mount  consists 
of  a rubber-lined  clump  which  fits  around  the  laser  housing  cylinder  and  lo  which  a pair  of 
pivot  bearings  are  attached.  One  side  of  the  pivot  assembly  is  fitted  with  a tilt-control  arm 
which  cun  be  pinned  to  a guide  protractor  drilled  at  1 0-degroe  intervals.  The  camera  mount 
is  a rubber-lined  assembly  configured  to  hold  the  camera  in  an  upright  position  at  all  times. 

The  platform  was  also  fitted  with  a 2-axis  tilt  sensor  to  measure  deviations  in  the 
platform  position  caused  by  pipe  sway.  During  the  conduct  of  the  tests,  no  significant 
changes  in  the  platform  position  were  observed. 

All  metal  components  fabricated  for  the  lest  were  coated  with  unli-eorroslon  and 
anti-foul  paints.  The  rubber  liners  were  used  lo  electrically  isolate  the  Instruments  from 
the  pipe  and  platform  assemblies.  A negligible  amount  of  pitting  of  the  platform  In  the  area 
of  the  laser  mount  was  noted  al  ter  approximately  30  days  of  operation. 
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figure  8,  Tlit  vertical  instrument  platform  is  shown  raised  to 
a working  access  position.  The  laser  mount  (right)  and  the 
camera  mount  (left ) are  shown  in  the  figure.  The  steel  bar 
passing  through  tire  top  flange  of  tire  pipe  is  used  to  fix  the 
rotntiunul  orlenta'lon  of  the  pipe  and  platform  assembly. 

Umbilical  power  anil  data  cables  leading  to  the  laser,  the  camera,  and  the  lilt  sensor, 
weic  lashed  together  ami  to  the  platform  to  protect  the  eon  lectors  from  parting  forces, 

The  umbilical  cables  were  hand  led  and  retrieved  from  the  deck  of  the  barge  as  the  platform 
was  raised  and  lowered. 

Platform  depth  was  monitored  by  coding  the  winch  cable  with  colored  stripes  at  1 .5 
metre  intervals  (approximately  5 feel).  This  technique  was  adequate  to  provide  0.3-metre 
accuracy  at  the  maximum  depth  (52.5  metres).  A mechanical  level  was  used  to  cheek  the 
i .imitation  of  the  camera  and  I he  laser  on  the  platform  before  lowering.  The  laser  was  found 
to  be  offset  by  +2.5  degrees.  Hence,  the  laser  position  was  recorded  to  be  2,5  to  52.5 
degrees  in  increments  of  10  degrees.  Due  to  only  slight  variations  in  the  platform  orientation 
recorded  on  the  lilt  sensor,  instrument  vertical  axes  were  assumed  to  be  known  to  within 
+ 3 degrees. 

It  is  important  to  observe,  in  support  of  the  unusual  techniques  used  to  deploy  the 
equipment , that  the  entire  system  was  placed  into  full  operation  within  I week  of  which  3 
days  were  required  for  lowing  the  pipe  and  barge  into  position.  Particularly  noteworthy  is 
the  fact  that  no  divers  were  used  to  perform  any  part  of  the  deployment  operations,  a fact 
which  resulted  in  considerable  savings  in  dollars  and  manhours. 


BARGE  EQUIPMENT 


In  addition  to  the  many  fabricated  elements  deployed  with  the  barge,  a large  number 
of  accessories  were  also  installed.  For  example  {fig  2),  the  most  eye-catching  piece  of  equip- 
ment is  the  crane.  This  unit  had  a rated  lifting  capacity  of  8 tons  and  wus  selected  because  it 
provided  a 14-metre  hydraulic  boom  which,  from  its  tied-down  position,  could  service  most 
of  the  lifting  requirements  on  the  barge.  The  crane  wus  used  as  a utility  machine  for  lifting 
heavy  equipment,  loading  and  off-loading  stores  and  fuel  supplies,  lifting  and  positioning  the 
vertical  plutform  for  installation  on  the  pipe,  and  lifting  the  small  boat  and  motor  aboard 
for  cleaning  and  maintenance. 

The  small  boat  had  a 4.7-metre  Fiberglas  hull  and  was  equipped  with  a S 5-horsepower 
outborad  engine.  The  boat  was  equipped  with  steering,  shift,  and  speed  controls  and  was 
fitted  with  a compass  and  night  lights  for  night  transits  to  the  barge. 

The  quurters  and  maintenance  housing  unit  was  a 3 by  10  metre  house  trailer  with  the 
wheel  and  towing  assemblies  removed.  The  trailer  had  been  remodeled  previously  us  a tem- 
porary housing  unit  and  was  divided  into  two  staterooms.  For  use  in  the  tests,  the  forward 
stateroom  wus  converted  into  a storage  and  maintenance  facility  and  the  after  stateroom  was 
fitted  with  bunks  and  emergency  radio  equipment  for  onbourd  watchstanding  personnel. 

The  fresh-water  storage  tank  contained  893  letres  (500  gallons)  of  nonpotuble  fresh 
water  and  was  used  only  for  washing  down  instruments,  cleaning  the  burge,  and  mixing 
chemicals  for  the  chemical  heads.  Drinking  water  was  provided  from  rented  bottled-water 
supplies, 

Two  electronic  huts  were  used  to  house  recording  und  control  equipment  and  the 
power-distribution  system.  Each  measured  approximately  3 by  4 metres  uiul  weighed 
approximately  2 tons,  Both  huts  with  their  installed  instruments  were  tested  at  the  Laboratory 
before  they  were  transported  to  the  barge. 

The  Scripps  winch  was  used  to  raise  and  lower  the  monitoring  instruments  for  optical 
properties.  The  winch  operated  from  400-volt,  3-phase,  60-hertz  power  und  was  equipped 
with  a friction  clutch  to  control  the  rate  of  change  of  depth.  A smaller  winch  (gasoline 
powered)  was  also  provided  for  use  by  Scripps  personnel  in  raising  and  lowering  their  smaller 
instruments. 

The  platform  winch  was  a fully  enclosed  cubic  winch  equipped  with  63  metres  of 
stainless-steel  wire  and  powered  by  28  volts  (dc).  The  winch  had  u lift  rating  of  10  tons  und 
operated  at  2 speeds  (5  and  10  feet  per  minute).  Control  of  the  winch  wus  through  u remote- 
control  box  which  allowed  the  operator  to  be  us  much  as  15  metres  away  from  the  unit  if 
required  for  safety  reasons.  This  winch  was  used  to  raise  the  pipe  into  position  during  Its 
initial  installation  and  later  to  control  raising  anil  lowering  of  the  vertical  instrument  platform, 

Miscellaneous  equipment  included  an  arc  welder,  a 0.06  m^/m  (2-efm),  7182-pascal 
( 1 50-psi)  air  compressor,  u hailing  and  log-horn  system,  a 946-litros-per-minutc  (250-gpm) 
gasoline-powered  pump  for  Hood  and  fire  control,  7 carbon-dioxide  and  6 PKP  fire  extin- 
guishers, mast-head  lights,  running  lights,  a black  diamond  and  a black  ball  for  towing  and 
mooring  requirements,  flood  lights  for  night  lighting,  and  a refrigerator. 

Prime  power  was  provided  by  a 450-volt,  3-phase,  60-hertz,  50-kilowatt  diesel  genera- 
tor. Transformers  were  used  to  step  down  to  the  necessary  200-  and  I 10-voit  supplies.  A 
400-hertz  motor-generator  set  was  installed  to  provide  power  for  the  laser.  Direct-current 
power  lor  the  platform  winch  was  obtained  by  passing  i 220-volt  supply  through  a rectifier. 

A second  generator,  a gasoline-powered  215/1 10-volt,  single  phase.  60-hertz.  2-kilwatt  unit 
was  used  as  an  emergency  supply  and  to  conserve  fuel  during  periods  when  full  system  opera- 
tions were  secured. 


6-11 


Gasoline  and  diesel  fuel  were  stored  on  the  barge.  Gasoline  was  stored  in  208-litre 
(55-gallon)  drums  stowed  outboard  of  the  large  bu'kheads  for  safety.  Refueling  of  the  gaso- 
line supplies  was  accomplished  by  transporting  the  drums  to  shore  facilities.  Diesel  fuel  was 
stored  in  a 1 500-litre  (400-gallon)  fuel  buffalo.  Refueling  of  the  barge  witli  diesel  fuel 
(required  only  once  during  the  experiment)  was  accomplished  by  transporting  a second 
buffalo  to  the  barge,  hoisting  it  above  the  onboard  buffalo  (fig  9)  and  ullowing  the  latter  to 
fill  by  gravity.  . ___ 


Figure  9.  Replenishing  the  barge  diesel  oil  supplies. 
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SECTION  7 

ATMOSPHERICAL  AND  OPTICAL  BACKGROUND 
MONITORING  SYSTEM 

BACKGROUND 

The  solar  radiance  distribution  in  the  sea  depends  on  several  uncontrolled  variables 
occurring  on  or  above  the  surface.  The  most  important  in  terms  of  magnitude  of  effect  are: 

(1 ) Temporal  and  spatial  fluctuations  in  sea  surface  irradiance. 

(2)  The  fraction  of  the  total  surface  irradiance  contributed  by  the  sky. 

(3)  Wind  speed  and  direction. 

Since  these  variables  are  uncontrolled  they  must  be  monitored,  preferably  in  real  time. 
Their  effects  on  the  underwater  light  field  may  then  be  corrected  for  in  the  radiance  data. 

The  recognition  of  this  require  ment  led  to  the  development  of  the  Atmospherical  and  Optical 
Background  Monitoring  System  (AOBMS). 

SYSTEM  DESCRIPTION 


The  AOBMS  is  composed  of  three  functional  units  us  shown  in  figure  1 . They  are  the: 

(1)  Sensors 

(2)  Signal  conditioners 

(3)  Processor 


Direct  monitoring  of  the  sun  is  accomplished  by  the  solur  monitor,  whC*  the  deck  cell 
covers  the  upper  hemisphere;  i.e.,  sun  plus  sky.  The  pyrheliometer  covers  the  same  field  as 
the  deck  cell  and  functions  us  check  on  ajid  backup  for  the  deck  cell.  Wind  speed  and  direction 
are  determined  by  an  anemometer  and  a vaned  wind  direction  indicator. 

The  sensors  output  a variety  of  unalog  signals  that  are  routed  to  the  Interface  Panel 
located  in  the  instrument  hut  housing  the  Nova  computer.  The  single  exception  is  the 
pyrheliometer  which  comes  with  its  own  strip  chart  recorder. 

The  first  stages  of  signal  conditioning  occur  ut  the  Interface  Panel.  This  unit  takes  the 
sensor  outputs  and  transforms  them  into  DC  voltages  in  the  range  0 to  10  volts  thereby  muking 
them  compatible  with  the  input  format  of  the  Analog  to  Digital  converter  (A-D). 

In  the  A-D  the  final  stages  of  signal  conditioning  tukc  place.  The  DC  output  of  the 
Interface  Panel  is  digitized  for  entry  b'to  the  Novu  800.  Twelve  bits  (212)  of  resolution  are 
available  so  that  a full  scale  reading  from  one  of  the  sensors  is  equivalent  to  ±2048  digital  units. 

The  digitized  background  data  is  now  available  for  entry  into  the  Nova.  En*:,.  . ocurs 
during  radiance  scanner  operation  by  command  from  the  Novu  unless  directly  accessed  by  the 
operator.  Updated  background  data  is  interrogated  each  time  a data  set  is  taken  by  the 
radiance  scanner.  Both  are  then  stored  on  magnetic  tape  and  accessed  via  teletype.  A sample 


printout  is  shown  in  figure  2. 
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INTERFACE  UNIT 


WIND  SPEED  21.299  5 KNOTS 

DECK  CELL  391.646 

WIND  DI  R3CTIQ.N  192.  578  DEG 

X TILT  1.  36719  DEG 

V TILT- 6.' 2933  3 DEG 

DEPTH  37(3.  689  FEET 

SUN  1.107  32  MW/S  ft  CM 


•«CTR>*  3 r<CTR>»  3 FIBS'*  64  FILE  #•  19  RECDFtD  #*  0 


33  3333333333333333333  O03333033330  03  3000t30303030  3930092  309339 
333  33333933333333  3333333932333333333.333333330  33  3333333333303 
9 V)  3 33 1933333399033003930333939339990903033393333333303  33333 
"13 9 1 3 3 93333333333339333933999 33333330300399303. 3 93. 9 00 02333333 
333  0 33  3333  3903.3  30  33  3330033033333339099933023023  3900309033393 

03993333333333 0330 3 3. 3 333 9029223 3 33 9 3390330333 323 3 03333393333 

29  93339339393999992329999 002 333 3 23 03 3 2 3 33 2 203 33 33332 32303333 
233  33  339  3 939903  9999  9933332  33  99003'3909  2393393  393  339  039  27  930  30 
93  3 9 39 2 33 32 29 399 3 99 0999 3 3 23 09999932 3 0200333090323 332 33233 323 
933  33303309909903  39  033333  3039330339339099093399  20.33039093330 
333 303933 333333399993093333333333 022333 333393233332903332333 

909 39393 3 00229333. 3 2 33903033293392 209330 32333332 22003 39902 93 3 
20  3 9290 9 203233300329333 33 3333 339323399 029 0933 32 3900 3 32039 3 33 
03  333303900333330333330390930003333 9 23002 0030 39 233099999399 3 
2303 232 39 03 33 03 2232032 323 333333 330309339233333323 032033 233 39 
229003033303933003203230303032033020090000323303309303339333 
99  3 02332  9 90933323  922  3 300'3  023  330  039  9 302920930030330  2 20  39  00002 
920  39039  939  9393  3003333  3 33  0:23030  033  230  29  000329  29  33032  033  20  333 

30  903303 0939939 9029909 320023 0333303 3 230323333203303 3 903 23333 
939  09909  300999020900  33  300  399  099  9 209'00  3209  032 1333  32323003  9093  3 
303 2 203 3 099 00393999030002 000 03023 320 039 90990090 09039033 33090 
5)303000  2303030033333300  03  3000  300000990002  30  2003033930  3 3 39030 
339 00093 939 02900023903029083 3200 3 290 2203303 3093 30 330030 33003 
393 90 0099 330390 39 93399 90933 33 3090339 03000030 03 023 03303333330 
90  0 09 3 099 09 39900300929 3329 3 3 33300 3 33330230 1 30 1 0 3302902003030 
900  00390002  93009003  320990309  09393090099030  01  l 30033  353000 30  320 
903030009000390333039000333002399333003303903030033939333333 
209  009 0 0 3393390399032232 0 33033303333303020323 0332 3 33303 02923 
209039900900003332332302000092302090090300232300302033009309 
000093099220090900030990202093339023333090203300239302333393 
330020020090333993990000333000029399339033093300000033033033 
003  03  30 900  3009329  99  23  0 90090  2 9 3330  93.3  920  3033333030  3030  30  33  393 
90. 0 033099000990333090  03  2000  33  2 303393  00000 .9  03  323  023033003230  3 

09  3 0 39000  0999  3 33  320990922  033339003  3.0  030300903  3 323333339  00333 

01 0 0 03  000990933903992390 3 339 39 0 35i  099 900333333 3320033020  33033 
1.39 1999  0903  393333333  33333  33  0 


Figure  2.  Sample  printout. 
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EQUIPMENT  DESCRIPTION 

The  sensors  used  in  the  Atmospherical  and  Optical  Background  Monitoring  systems 
are  as  follows: 

(1)  Solar  Monitor:  This  instrument  consists  of  a silicon  photodiode  (EG&G  444-4) 
behind  a 100  A interference  filter  centered  at  5200  A (Pomfret  5200-100)  which 
is  identical  to  the  filter  in  the  radiance  scanner,  The  spectral  response  is  shown 
in  figure  3.  The  narrow  field  (7  deg,)  is  provided  by  a Gershun  tube  within  which 
the  detector  and  filter  are  located.  A panel  meter  is  provided  for  maximizing 
detector  input  to  insure  that  the  instrument  is  pointed  at  the  sun.  Construction 
is  of  alumlnim  and  was  accomplished  in-house.  Unit  is  shown  in  figure  4. 

(2)  Deck  Cell:  This  device,  shown  in  figure  5,  is  a commercial  unit  (Bendix,  Model  Cl) 
consisting  of  a selenium  photovoltaic  detector,  a Wratten  57A  absorption  filter 
und  a diffuser.  The  field  of  view  is  approximately  180  degrees  with  a cosine 
response  from  the  diffuser,  The  spectral  response  shown  in  figure  6 is  peaked  ut 
5220  A with  an  820  A bandwidth. 

(3)  Pyrheliometer:  This  instrument  consists  of  a fifty-junction  thermopile  hermeti- 
cally sealed  in  a spherical  glass  bulb  manufactured  by  Epplcy  Laboratories,  and  a 
Minneapolis  Honeywell  chart  recorder.  The  detector  responds  equally  across  the 
visible  spectrum  and  has  a cosine  response  over  Its  field  of  1 80  degrees,  The  com- 
plete unit  is  shown  in  figure  7, 

(4)  Wind  Speed  Indicator:  A Climet  Instruments  Model  01 1-4  (figure  8)  was  used  to 
meusure  wind  speed.  The  instrument  uses  three  plastic  cups  to  rotate  a drive  shaft 
at  a rate  proportional  to  wind  speed.  To  the  end  of  the  drive  shaft  is  attached  a 
chopper  disc.  A small  lamp  is  mounted  directly  above  the  chopper  disc  and  the 
light  directed  through  the  disc  to  a photodiode  mounted  directly  beneath  the  disc. 
Rotution  of  the  disc  alternately  masks  and  exposes  the  photodiode  to  the  lamp 
producing  pulses  of  a frequency  proportional  to  the  rotation  rutc  of  the  cups.  The 
unit  has  a range  of  0 to  90  miles  per  hour. 

(5)  Wind  Direction  Indicator:  A rotating  vane  linked  to  u 10K  potentiometer  muke  up 
the  wind  direction  indicator  (figure  8).  Full  scule  output  is  10  VDC  representing 
360  degrees. 

The  signal  conditioning  portion  of  the  AOBMS  is  comprised  of  two  units,  the  Interface 
Bund  und  the  Analog  to  Digital  Converter  (A-D), 

(1)  Interface  Panel 

(u)  The  interface  panel  is  essentially  a panel  mounted  card  cage  located  in  one  of 
the  instrument  hut  racks.  Also  included  in  the  panel  are  reference  power 
supplies  for  the  deck  cell  and  the  wind  direction  pots,  front  panel  analog  out- 
puts for  operator  monitoring  of  the  various  sensors,  und  the  adjustments 
(gain,  zero,  etc.)  nccessury  for  set  up.  The  unit  was  designed  and  built  in- 
house,  Function  und  signul  flow  is  shown  in  the  block  diagram  in  figure  9. 
Referring  to  the  block  diagram,  we  first  consider  the  solur  monitor  interface. 
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The  output  of  the  solar  monitor  is  fed  to  a circuit  consisting  of  a high  input 
impedance  (100K)  voltage  follower  and  an  output  level  amplifier.  The 
output  amplifier  has  gain  adjustable  from  1/2  to  2. 

(b)  The  deck  cell  and  wind  direction  indicator  have  identical  interface  circuits. 

A 10.9  VDC  power  supply,  consisting  of  two  Zener  diodes  and  a voltage 
follower,  supplies  the  reference  voltage  for  the  sensor’s  pots.  A value  greater 
than  10  volts  was  chosen  to  allow  for  some  lossess.  The  returned  signal  from 
the  sensor  is  filtered  and  attenuated  to  yield  a fuli  scale  value  of  10.0  volts, 
With  the  level  properly  set  via  the  Cal  adjustment,  the  signal  is  fed  to  a 
voltage  follower  for  isolation  and  impedance  matching. 

(c)  The  wind  speed  interface  converts  an  input  square  wave  to  an  anulog  voltage 
proportional  to  the  input  frequency.  The  input  square  wave  drives  a buffer 
transistor  which  fires  a monostuble  multivibrator.  The  outputs  of  the  mono- 
stable are  fixed  pulse  width,  fixed  amplitude  pulses  with  frequency  propor- 
tional to  the  wind  speed.  These  pulses  are  fed  to  u lossy  integrator  which 
takes  a running  average  of  the  monostable  pulses.  A capacitor  across  un  op 
ump  stores  voltage  proportional  to  the  number  of  pulses  per  unit  time,  The 
smoothed  output  of  the  integrator  is  then  presented  to  the  A-D.  Provision  Is 
mado  to  adjust  the  monostable  pulse  width  und  pulse  amplitude  us  well  us  zero 
the  Integrator. 

(d)  All  analog  outputs  of  the  Interfucc  circuits  arc  made  available  through  u selec- 
tor switch  for  direct  monitoring  on  the  front  panel. 

(2)  Digital  to  Anulog  Converter:  The  A-D  unit  is  u commercial  unit  manufactured  by 
Anulogic  Corporation  (Model  AN5800).  Figure  10  Is  a block  diagram  of  the  unit. 
Tito  Inputs  uro  multiplexed  one  at  a time  into  a high  input  Impedance  buffer 
amplifier,  then  supplied  to  u sample  und  hold  amplifier.  The  buffered  anulog  sig- 
nals ure  converted  to  digitul  data  via  u high  speed  successive-approximation  analog 
to  digital  converter.  Digital  data  is  then  right  hand  justified  and  brought  out  to  the 
digitul  interface  connector  for  submission  to  the  computer. 

Processor:  The  processing  of  tho  digitul  output  of  the  A-D  is  accomplished  by  the  Nova 
800  computer.  This  unit  is  described  elsewhere  in  this  report, 

CALIBRATION 

With  the  exception  of  the  solur  monitor,  the  atmospherical  und  opticul  sensors  in  the 
AOBMS  ure  commercial  units  and  calibration  was  performed  by  the  manufacturer.  Manufac- 
turer supplied  cullbrution  documentation  Is  included  as  un  Appendix  und  tire  results  summarized 
in  table  1. 

The  solur  monitor  wus  calibrated  in-house.  The  calibration  was  accomplished  by 
simultaneous  sampling  of  the  solar  irrudlunce  with  the  solar  monitor  and  a commercial  irrudi- 
anee  meter  (UDT--2 1 A).  The  measurement  wus  repeated  six  times  with  no  dotcctuble 
variation. 

Both  the  solar  monitor  und  tho  UDT-21 A were  fitted  with  identical  Interference  filters 
to  insure  matching  spectral  response.  A Gcrshen  tube  wus  affixed  to  the  UDT  to  restrict  the 
field  of  view  to  solur,  not  sky,  radiation. 
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AN  5800  BLOCK  DIAGRAM 


Figure  10.  Digital  to  analog  converter 


TABLE  1 


Equipment 

Calibration  Constant 

Accuracy/Linearity 

Climet  Model  014-5 
anemometer 

S=F/  .3 187  + .52  where 
S = speed  (mph)  and 
F = frequency  (rps) 

1%  of  true  windspeed  or 
±0. 1 5 mph,  whichever  is 
greater  for  0-90  mph 

Eppley  Model  50  junction 
pyrheliometer 

8.85  millivolts  cal.  cm-2 
min_l 

± 1 % over  intensity  range 
0.1  to  1.5  cal.  cm-2 
min“l 

Bendix  Model  S-l  irradiance 
meter  readout 

9.8  X 10"7  watts  cm"2 
per  digit 

Accuracy:  standard  devi- 
ation  .06  or  6.1%  of 
mean. 

Linearity:  ±3%  full  scale. 

Climet  wind  direction 
indicator 

None 

Linearity:  ±0.5%  full 
scale 

Narrow  angle/bandwidth 
solar  monitor 

3.81  X 10“  5 watts  cm-2 
per  division 

Linearity:  ±1%  17  to  50 
(full  scale). 

Accuracy:  ±5%  meter 
movement. 

The  solar  monitor’s  response  linearity  shown  in  figure  1 1 wus  determined  by  attenua- 
tion of  the  solar  irradiance  with  neutral  density  filters.  Deviation  from  linearity  becomes 
more  pronounced  at  lower  iriudiances  due  to  a dark  current  of  one  to  two  meter  divisions. 
This  was  not  considered  a problem  as  the  instrument  was  not  used  at  low  irrudiunces, 

To  facilitate  data  handling,  the  sensor  outputs  were  recorded  on  magnetic  tape  as 
integers  in  the  range  -2048  to  2047.  To  reconstruct  the  original  values  from  the  stored 
integer  values,  a number  of  multipliers,  shown  in  table  2,  were  determined. 

TABLE  2 


Equipment 


Multiply  Mag  Tape  Output  By: 


Anemometer 


-1 

20.47 


miles/hour 


Deck  cell  4.79  X 10-7  through  a Wrutten  57A  filter 

cm2 

Wind  direction  indicator  degrees 

5<uo5 

— I IT1W 

Solar  monitor  — r for  5154  A<\<5247  A 

615  ciik 
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